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From Our Users

Karl Erdman, Ph.D., Professor Emeritus, U.B.C., and Senior Scientific Advisor
for Ebco Technologies writes on May 15, 1997.

I have seen the beamline simulation program that has been developed by Dr. Morgan
Dehnel. This program provides a graphical user interface that will allow a beam line
designer or a beam line operator to quickly assess the performance of a beamiine. It
permits an easy way to change the “tune” of a line in order to optimize the transmission
or energy resolution of a beam of high energy particles. 1t will permit a user to set up a
system without requiring complicated tracking programs such as TRANSPORT used
by beam design excperts. Such programs are both slow and require considerable
mathematical skill and intuition in their application. In addition, the use of a PC with
Windows 95 makes the program both user friendly and transparent.

Dr. Nigel R. Stevenson, Head, Isotope Production Group, TRIUMF writes on
May 9, 1997.

An accurate understanding of the properties of the cyclotron beams is essential for the
success of our research/ commercial objectives. By using the beamline simulation codes of
DCL we have bean able to obtain information that advances onr understanding of the
technology we operate and, thereby, improve and increase the quality and quantity of
production. Specifically, new beamlines and improved components to existing beamlines
have been determined using this software. Incremental improvements to components and to
the quality of the beam being transported are ongoing using this code along with other
100/5.

Our factlity is based around a federally supported research facility and as such focuses in
on research aspects of cyclotrons and cyclotron-based products, which are subsequently
commercialized with an industrial partner. The research aspects of our operation are
many, one of which is the ongoing drive to higher and better quality beam currents. This
type of research wonld be significantly hampered without the direct input available from
such computer codes as the one being developed by DCL.. We intend to continue using
this program to help us develop the cyclotron systems as we anticipate increasingly
complex problems that may not be addressable with existing conventional tools.
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1.0 About This Software 1

1.0 About This Software

To our knowledge, this 1s the first ever, real-time simulator for industrial beam
transport systems avazlable on a PC/Windows platform. Designed with accuracy and
flexibility, Beamline Simulator will mimic a broad range of beam transport
systems such as those used in radiotsotope production, in micro-etching semi-
conductors or in research.

Program features include:
REAL TIME TUNING capabilities through the Vary Parameter Window.
You may tune the magnet current or field strength and stmultaneously observe
changes 1n the beam spill data and beam plots. Beam spill data 1s given in
percent.
an easy and intuitive interface for building beamline systems. You may drag
and drop icons representing common beamline elements such as dipole
magnets, quadrupole magnets, solenoid magnets, drifts spaces, etc.
the ability to define and model beam pipe, collimator and other physical device
apertures.
a Perturbation 1con for beam mis-centering
the simulation of multi-particle beams of up to 10,000 particles.
the simulation of beam envelopes.
two graphics windows for viewing plots. You may choose between
longitudinal (beam profile), cross-sectional (transverse) and intensity (only for
multi-particle runs).
a Constraint icon for automatically determining system setting requirements
for specific beam or transport conditions.

Beamline Simulator is ideal for quickly determining new beamline tunes, for
allowing trainee operators to get the feel of beamline tuning, and for designing
beamlines. It is a first-order modeling code that may be used by engineers or
physicists to design completely new beamline systems.
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2 Using Beamline SimulatorQ

2.0 What's In This Manual?

2.1 For Version 1.1 and 1.2 Users

We would like to advise you of the changes to the software through Versions 1.2
and 1.3. We have added:
solenoid and thin lens 1on-optical elements.
icon naming in the Sequential Beam Icon window for easter element
identification.
a magnitude readout in the Vary Parameter Window for the parameter being
adjusted.
print, and copy to clipboard capability for the Apertures, System Metrics,
Constraints, Collimator Text Readout and Beam Transport System Property
Listings.
particle charge capability for the Beam Source, and an easter method for
entering “tilted” phase space beam ellipses. Multi-particle distributions can
now be saved.
the ability to enter bend angle or magnetic field data, and fringe field
correction for Dipole magnets.
the ability to enter field gradient, k, or magnetic field data for Quadrupole

magnets.
Also, you don’t need a hardware key to run the program now.

2.2 For New Users

As support for the program we have produced a manual that we believe will
‘quick start’ the learning process. The manual has ten chapters, five appendices, a
glossary and an index. All are described here in brief.

Chapter 1.0 About This Software ... describes the main features of the program
and the realm of possibilities for using Beamline Simulator.

Chapter 2.0 What's In The Manual? ... should raise your awateness of how the
manual is organized and give you some strategies for best use.

Chapter 3.0 Starting Beamline Simulator ... leads you step by step through
loading and running the program, and uninstalling when you no longer need it.
Chapter 4.0 Using the Tutorials ... contains two interactive tutorials and a
question and answer forum. If you are new to Beamline Stmulator, we suggest
that you at least complete the first tutorial before diving into the program.
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2.0 What's In This Manual? 3

The first tutortal, called ‘Running and Real-Time Tuning Procedures’, walks you
through the program basics. You’'ll look at a sample beamline, add an element and
tune using the Vary Parameter Window — a key feature of the software. You’ll
also change the beam source from envelope type to multi-particle type, run the
beamline and look in the Collimator Window for beam spill information.
Throughout this process you will track your progress through the plots in the
graphics windows.

The second tutorial called ‘Automatic Tuning Using the Constraint Algorithm’ is
for those having attained a basic knowledge of Beamline Simulator. In this tutorial
you will gain experience using the automatic tuning capabilities in the program. In
a broad sense automatic tuning is a three-step process. Using a Form Fill-In dialog
box, you will define the element parameter(s) you wish to vary. Next you will
define a constraint on the beam half-sizes or on the cumulative transport matrix
values using the Constraint Form Fill-In dialog box. Finally you will run the
program and view the results. It’s a bit more complicated than it sounds so we
again walk you step by step through it.

Chapter 5.0 Defining the Beam Source ... desctibes how to define a beam
source of your choice. The options include: Beam Type — envelope or multi-
particle; General Beam Information — name, energy, mass, charge, and number
of particles; Maximum Beam Half Sizes — X, X', Y, Y, and AA; and beam phase
space tilt angles.

Chapter 6.0 The Ion-Optical Elements ... introduces the ion-optical elements
named Dipole, Drift Length, Non-Standard, Perturbation, Quadrupole, Solenoid
Thin Lens and Rotation, plus the Constraint icon. It describes icon management
such as how to insert, cut and paste, rearrange and delete icons. It also describes
the use of the Form Fill-Tn Dialog boxes for the elements and constraints.

Chapter 7.0 Diagnostic Tools ... describes how to use the Aperture Form Fill-In
to enter data about the beam pipes, collimators and vacuum boxes. It also
describes how to place the Cross-Section Plot and End Run icons to generate the
data you require. Finally, it describes the use of the Get System Metrics icon to
pull information about the beam parameters, the system matrices (both the
cumulative beam sigma matrix and the cumulative transport matrix) and the
particles, from anywhere along the beamline.

Chapter 8.0 Graphics Management ... provides some examples of typical
longitudinal, cross-sectional and intensity plots. It also provides a step by step
procedure with screen prints and description to help you create quality graphics
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4 Using Beamline SimulatorQ

plots — plots that provide the information you need and that also look good
when printed.

Chapter 9.0 Viewing Text Readouts ... gives information about two very
important text readout windows, the Collimator Window and the Beam Transport
System Window. The Collimator Window shows the percent beam spill of
readback and non-readback apertures, while the Beam Transport System Window
shows a full listing of all beamline elements and their properties, plus all the beam
matrices and cumulative transport matrices along the beamline.

Chapter 10.0 Command and Tool Reference ... gives a brief desctiption of the
cursor actions and software terminology used in the manual. It also describes all
the commands and tools from the General Window, the Base Application
Window, the Vary Parameter Window and the Sequential Beam Icon Window.
The final section repeats information from Chapter 6.0 about managing icons.
This information applies to all icons, not just those described in Chapter 6.0.

Appendices
The five appendices at the end of the manual are:

Appendixc A — Units of Measurement ... gives the units used in the software for
optical parameters, particles, beam half-sizes and the graphics plots.

Appendixc B— The Resonrce Window ... shows how memory is allocated to the
software and also displays the time.

Appendisc C— The Matrixx Window ... is a matrix multiplication calculator.

Appendix D — System Requirements ... shows the minimum and suggested use of
hardware and software for Beamline Simulator.

Appendixc EE — Ton-Opties Technical Notes ... contains background ion-optics

formulae and a short list of related reference papers.
Glossary ... contains the definitions of key words used in the text.

Index ... is a list of key words found in the manual with their associated page
number(s).

Where to begin? If you haven’t loaded the software yet, start at Chapter 3.0.
Otherwise go to Chapter 4.0 and begin the first tutorial. Have fun!
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3.0 Starting Beamline Simulator

3.1 Security

If you are not yet a registered user of Beamline Stmulator, your program disk will
allow only 10 runs. After that you must contact Dehnel Consulting Ltd. to arrange
for registered user status and a password.

Note that demo usage 1s logged and displayed in a welcome window each time
Beamline Simulator is restarted.

3.2 Installing the Software

Copy the program files to the new folder.

1.
2.
3.

Click Ml at the bottom left on your screen.
Find and open Windows Explorer.

Insert the Beamline Simulator disk into your 32" 1.44 Mb floppy
drive.

In the left frame of the Explore window, click, drag and drop
3"2 Floppy {A:} onto the hard drive of your choice.

3.3 Uninstalling the Software

1
2
3.
4
5

Click Bstan] at the bottom left of your screen.
Find and open Windows Explorer.

Select the appropriate hard drive.

Select the Beamline Simulator Version 1.3 folder.

In the Explore base menu select File/Delete.

3.4 Running the Program

1.
2.
3.

Click M at the bottom left on your screen.
Find and open Windows Explorer.

In the left frame of the Explore window, select the appropriate hard
drive to reveal the folders.

Double click Beamline Simulator Version 1.3 to reveal the files.

Double click BeamlineSimulator.exe to run the program.
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6 Using Beamline SimulatorQ

4.0 Using the Tutorials

4.1 Running and Real-Time Tuning Procedures

In this interactive tutorial we lead you step by step through some of the key
features of a sample beamline. We then ask you to change the beamline and
observe what happens.

Starting Beamline Simulator

1. Click #8 3¢ the bottom left on your screen.
2. Find and open Windows Explorer.

3. In the left frame of the Explore window, select the appropriate hard
drive to reveal the folders.

4. Double click Beamline Simulator Version 1.3 to reveal the files.
Double click BeamlineSimulator.exe to run the program.
6. Click OK to close the Welcome Window.

Beamline Simulator ©
@ Version 13

SH4-12137-0513358-1-0-114

Copyright @ 1998, All righic rererved.

Detmel Consulfing Lid.

If you are not yet a registered user of Beamline Simulator, your program disk will
allow only 10 runs. After that you must contact Dehnel Consulting Ltd. to arrange
for registered user status and a password.

Note that demo usage 1s logged and displayed 1n a welcome window each time
Beamline Simulator is restarted.

Introducing the Windows

You will see four windows on the screen. The top window is called the Base
Application Window. This window contains the File, Edit, Window,

Run Options and Help menus. There is also a Toolbar below to simplify access
to some of the menu items. For more information on the Base Application
Window, see the Command & Tool Reference, page 93 to 111.
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4.0 Using the Tutorials 7

The middle windows are called Graphics Plot Windows. These windows give
longitudinal, cross-sectional or mntensity plots for each beamline run. To read
about the various options available for plots see Chapter 8.0 Graphics
Management.

The bottom window 1s called the Sequential Beam Icon Window or SBI Window.
You will spend most of your time working in this window. Here you will define
the beam source, select and arrange ion-optical elements as they might appear in a
real beam transport system and set up the diagnostic device apertures. For more
information see Chapter 5.0 Defining the Beam Source, Chapter 6.0 The Ion-
Optical Elements, and Chapter 7.0 Diagnostic Tools.

Note that the active window 1s identified by a navy blue title bar, and the inactive
windows by dark gray title bars. These colors are typical of most computer default
color settings.

Running the Sample Beam

7. To open the sample file click File and select Open or click E
(Base Application Window - Toolbar).

8. Click Samplel.bln.
9. Click the Open button.

For the next procedures the Base Applicatton Window should have the file name
‘Samplel.bln’ in its title bar and the SBI Window should look like the drawing
below.

Sequential Beam lcon Window

[I]MITEIIIM
m Crift Crift H Crift Y, Crift Crifk S:.l - SCI‘;SS
Lzngth Lzngth Lzngth Lzngth Lzngth EChion
F‘I ot
0 El

10.  To initiate the run algorithm click UB (Base Application Window
- Toolbar run button).

The run algorithm is the central numerical engine for the software. Basically it
translates all information in the SBI Window into beam or transport matrices. The
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8 Using Beamline SimulatorQ

run algorithm then directs specific information to each window so that you can
view the information in different ways.

It’s important to remember that any change made in the SBI Window will not be
reflected in the other windows until the beamline has been run. So, after you

make changes in the SBI Window you must rerun the beamline to see the
changes in the other graphics windows.

Viewing the Graphics

itudinal Plot

Long

Cross-Section Plot
Z Position Indicator

Beam Envelope
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Cross-Sectional Plot

YwvweX ‘ Aperture
1a

/ Beam Envelope
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The Graphics Windows now show the longitudinal and cross-sectional plots for
the current beamline. The white lines show the outer extents of the beam (also
called the beam envelope) and the green lines show the nner diameters of the
physical beamline apertures, (e.g., the beam pipe, collimators, vacuum boxes, et
cetera).

Notice that 1n the longitudinal X vs Z plot the beam spreads out past the
beamline aperture at the right end of the plot, and in the cross-sectional Y vs X
plot the beam is outside the aperture along the X axis.

The cross-sectional plot 1s always produced at the Z co-ordinate of the Cross-
Section Plot icon (found in the SBI Window). Its position 1s shown as a yellow
vertical line in the longitudinal plot.

In the next three sections we lead you through a real-time tuning example. You
will add one quadrupole magnet to the sample beamline so that you can tune the
beamline to fit within the aperture on the extreme right.

Adding a Quadrupole Magnet
11.  Rught-click on the SBI Window. This will bring up a pop-up menu

with a choice of new elements.

12.  Select New Quadrupole. Notice that the mouse pointer changes
shape when pulled back into the SBI Window. This indicates that
you are ready to insert the new element.
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10 Using Beamline SimulatorQ

13.  Posttion the cursor over the fourth drift length from the left.

14.  Click the mouse to msert the quadrupole. Notice that the new
quadrupole was placed gffer the fourth drift length. Also notice the
red bars above and below the quadrupole. This means that the new
quadrupole icon is also the current icon.

Note: any new element that 1s inserted or added to the SBI Window will
be highlighted with red bars. It becomes the current icon. You can,
at any time, make a different icon current simply by clicking on it.

Get Cross
Spstem 5 e tion
[l ekriz 2 Flt

| B

Sequential Beam lcon Window

IMPORTANT NOTE: You must place the new quadrupole in the
correct position in the SBI Window or you will NOT get the same
demo results. If you did not place the quadrupole in the position
indicated in the above figure, drag-and-drop it to the correct
position now. Remember that you must drop the quadrupole on
the fourth drift length from the left so that it appears to the
immediate right of that drift length.

15.  To rerun the beamline click E (Base Application Window -
Toolbar run button). This will update the rest of the windows.
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4.0 Using the Tutorials 11

Viewing the Graphics Again

Longitudinal Plot

Spill Areas

Cross-Sectional Plot

After adding the quadrupole magnet the beam has been focused horizontally and
slightly de-focused vertically. The right end of the longitudinal plot shows that the
last aperture 1s still irradiated with much of the beam. Also, the cross-sectional
plot confirms that the beam is still outside the aperture along the X axis. In the
next section you will find a better tune by varying the Quadrupole — Pole Tip
Field Strength.
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12 Using Beamline SimulatorQ

Real-Time Tuning With the Quadrupole Magnet

16.  Double click the Quadrupole icon that you just inserted into the
SBI Window. This brings up the Quadrupole Form Fill-In which
allows you to re-define the quadrupole parameters.

Horizontal Focusing Quadrupole - Form Fill-in

—General Opticz Information
Mame: IDEfauIt Quad
Effective Length: |13|]_1 mm i~ Warp
Pole Tip Field Strength: |1_3455 kG ﬁtl = Wary
Bore Diameter: |1|]3 mm = Wary
Alpha - Rotation About Z: ||] degrees  Yary
Quadrupole Ornentation:  Vertical
* Horizontal
Humber of Slices: 5 * No Vary
'-,F'arameters,{MatriH J

17. Click " Vary tor the Pole Tip Field Strength parameter.

18.  Click ﬂ . Look 1n the SBI Window below the Quadrupole
icon. There 1s a V tag which means that the icon has a parameter
that you chose to vary.

11 F

Hi=rp

19. Click (Base Application Window - Toolbar). This will bring

the Vary Parameter Window to the center of the screen.

20.  Click IE to view the full window.

Wary Parameter

* Current Element:
T Default Huad
Current Parameter:
i@:l N/
i Parameter ¥Yalue:
Y = MAA

21.  Scroll full right in the SBI Window.
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oo

i -

22, Double-click the Constraint icon to bring up the
Constraint Form Fill-In — Variable Parameters page. Note that the
first line shows the values for the Quadrupole — Pole Tip Field
Strength. Here you can set the Maximum, Minimum, Small Step, and
Big Step values. The Maximum and Minimum values set boundaries
for how far the parameter will vary, and the Small and Big Step
values determine how much of a jump applies to each step when

tuning with the Vary Parameter Window.

Note: We asked you to open this window so you would see the direct
relationship between the Vary Parameter Window and the
Constraint icon. Both offer ways to tune. The Vary Parameter
Window 1s used for hands on tuning of one element at a time
while the Constraint icon offers automatic tuning for as many
variable parameters and elements as you wish. In the latter case
the constraint algorithm tries many different ‘tunings’ and selects
the best solution for any imposed constraints.

. x Cancel | ) )
23. Click to close the Constraint Form Fill-In.

24.  Ensure that the Quadrupole icon 1s the current icon. Remember that
the current icon has red bars above and below it.

25.  In the Vary Parameter Window, click one of the up/down atrow
buttons to vary the Quadrupole — Pole Tip Field Strength parameter.
For both the up/down atrow buttons, the blue atrow means a big
step and the red arrow means a small step. Watch the graphics plots
to see the changes that take place. It 1s your task now to vary the
quadrupole field strength until the beam 1s within the aperture in the
cross-sectional plot.

Tuning up will focus the X axis more while defocusing the Y axis. Tuning down
will cause the quadrupole to have less powerful focusing along the X axis and less
powerful defocusing along the Y axis.
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14 Using Beamline SimulatorQ

Longitudinal plot after varying the quadrupole field streng

Cross-sectional plot after varying the quadrupole field strength.

26. Click .| (Base Application Window - Toolbar). This will hide
the Vary Parameter Window.
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Running a Multi-Particle Beam

A multi-particle beam will show beam spill cleatly.

27.

28.

29.

30.

31.

Scroll full left in the SBI Window.

Double-click QI (SBI Window). This brings up the Beam

Source Form Fill-In dialog box.

Under ‘Beam Type’ click Multi-Particle. Under ‘Multi-Particle
Generation’ leave the setting as 1s.

Run E the beamline again (Base Applicatton Window - Toolbar).

When you run the beam 1n particle mode you get different information about the
beam. This time you will see particle trajectories all the way along the longitudinal
plot and a scatter of particles in the cross-sectional plot. Notice the narrow
aperture at Z= 2.6 m in the longitudinal plot. Some of the particles are stopped or
spilled here. To see what percentage of the beam was spilled at that point and to
detect any other beam spills along the beamline you can look in the Collimator

Window.

Viewing the Collimator Window

32.

33.

34.

=7
Click — (Base Application Window - Collimator Window
Toggle) to bring up the Collimator Window. The first line 1n the
window “Total System Loss’ tells you how much of the beam has
spilled.

Use the right side scroll to move to the aperture named ‘Spill Here’.
The spill is measured by a TBLR readback type aperture. This
readback type aperture keeps track of how many particles hit the
Top, Bottom, Left, and Right.

Scroll further down and you will see ‘Name: Default Aperture
Percent Lost (**NoReadback*¥*)’. The percent spilled plus the
percent lost through non-readback type apertures should add up to
the total system loss.
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16 Using Beamline SimulatorQ

35.

a7
—_

Click =21 to close the Collimator Window.

Selecting Graphics Properties

Each graphics window has the capability of displaying a variety of plots.

306.

37.

38.
39.

40.

41.

42.

43.

44,

Right-click on the right graphics window to bring up its pop-up
menu.

Select Properties to bring up the Properties Notebook first page
called ‘Graph Type’.

Click the Intensity radio button to see an intensity plot.

Under Graph Type — Intensity you would normally choose the
beam axis that you wish to view. Notice that the X axis 1s already
selected. Ieave it as is.

Before accepting the changes please familiarize yourself with the
other pages of the Properties Notebook.

Click the Accept button to accept the changes you have made to the
Graph Type.

Run E the beamline. You should now see the intensity plot of
the distribution of particles along the X axis. Note that the intensity
plot is produced at the Z position of the Cross-Section Plot icon
within the SBI Window.

Repeat the above procedure but this time choose a longitudinal plot
of type Y-Z.

Run E the beamline again and you should see a plot of Y vs Z in
the graphics window.

Introducing the Diagnhostics

The System Metrics icon 1s used to display beam and transport system
mnformation at a specific point (Z co-ordinate position) in the beamline. Y ou would
normally add as many System Metrics icons as you want to the beamline in the
SBI Window. For this example, leave the System Metrics icon where it 1s. We’ll
look at system metrics from the previous run.

15/10/98
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45.

46.

47.

48.
49.
50.

4.0 Using the Tutorials 17

E

Suctem

Double-click L to see the System Properties page. Look
under Beam Parameters and you will see the beam half-sizes.
These values are obtained at the Z position of the current System
Metrics icon.

Click the System Matrices tab at the bottom to see the
Cumulative Beam Sigma Matrix. Notice that the Cumulative
Transport Matrix shows only the identity matrix. This is because
the Cumulative Transport Matrices menu item is not toggled on.

To toggle on the Cumulative Transport Matrices click Run Options

(Base Application Window) and then toggle on ¥ Cumulative
Transport Matrices.

Run E the beamline again.

Repeat steps 45 and 46 to view the Cumulative Transport Matrix.

You may also view all particle vectors by clicking the Particles tab.

In summary the System Metrics icon is very useful for viewing the beam and
system matrices at any point along the beamline.

© You have now completed the tutorial on Running and Real-Time Tuning
Procedures. To reinforce what you have already learned we suggest that you
spend some time playing with the program. If at any time you wish to stop a
multi-particle run or a run using the constraint algorithm, simply click the Stop

@ button. It 1s located to the right of the Run button on the Toolbar.

Play with the Run Options in the Base Application Window. Change the graphics
window properties and the other elements in the SBI Window. As you try
different things you will see what happens and why. If at anytime you get stuck on
what a particular button or menu item does, check the Command and Tool
Reference in the back of the manual or the chapters specific to the beam source,
the 1on-optical elements, the graphics windows and the diagnostics. So, dive into

it...
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18 Using Beamline SimulatorQ

4.2 Automatic Tuning Using the Constraint Algorithm

Automatic Tuning Using the Constraint Algorithm 1s an advanced tutorial for
those having attained a basic knowledge of Beamline Stmulator. If this 1s your first
time using Beamline Simulator we recommend that you start at Chapter 3 and
then work through Chapter 4.1 Running and Real-Time Tuning Procedures.
Chapter 4.1 includes basic information about using the windows, viewing and
mnterpreting the graphics, adding elements and varying a single element parameter.
This tutorial reaches well beyond the basics.

The Solve for Constraints menu item is found under Run Options in the Base
Application Window. The Constraint icon is found in the SBI Window.

The Beamline Simulator program is capable of automatically adjusting all beamline

parameters that have been defined by the user as being permissible to vary, until

values are found that cause the beamline 0 mect user defined constraints on the

system. Two main examples of this are:

- when the user wishes the beam to be constrained to a certain size at some
point along the beamline, or

- when the user wishes to constrain elements of the cumulative transfer matrix
to have a certain value at a specific point in the system.

The algorithm used to solve for constraints is a brute force algorithm. For each
vartable parameter, it takes the difference between the maximum and minimum
permissible values and divides this by the maximum number of iterations to yield
a step size for searching through parameter space.

It then tries every combination of steps wsing all variable parameters and re-calculates
the beam and cumulative transfer matrices to see if they are within the specified
acceptance range. Even if all constraints are not met 1t still displays the best results
obtained. You are then asked whether you wish to keep the values or discard
them. If you choose to keep the values, the appropriate beamline 1con
information 1s updated in the SBI Window.

Central to the constraint algorithm 1s the parameter called Maximum Iterations.
This parameter defines the size of the steps for all the variable parameters. If the
Maximum Iterations parameter is high then the algorithm has a better chance of
finding a solution for the beamline. Similarly, 1f the number of variable parameters
is high you have an increased chance of finding a solution. The trade off is time.
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4.0 Using the Tutorials 19

The more variable parameters and iterations you use the longer the run takes. In
the extreme, the run is so slow that 1t could occupy your computer for hours.

In this tutorial we guide you in the effective use of the constraint algorithm. The
tutorial begins at the Start button because this will initialize the software. This 1s
our only assurance that you will have the same settings as we do.

Initializing the Software

1.
2.
3.

Click M at the bottom left on your screen.
Find and open Windows Explorer.

In the left frame of the Explore window, select the appropriate hard
drive to reveal the folders.

Double click Beamline Simulator Version 1.3 to reveal the files.

Double click BeamlineSimulator.exe to run the program.

Opening and Running the Sample Beam

7.
8.

To open the sample file click File and select Open or click E
(Base Application Window and Toolbar).

Click Samplel.bln.
Click the Open button.

For the next procedures the Base Applicatton Window should have the file name
‘Samplel.bln’ in its title bar and the SBI Window should look like the drawing

below.

Sequential Beam lcon Window

10.

[I]MITEIIIM
Dirift: H Dirift: Y, Dirift: Drift S Ure=e
!-' “tem | Spction

Lzngth Lzngth Lzngth Lzngth
F‘Il:rt

Ensure that the Solve for Constraints algorithm, Run Options
menu 1s toggled off (not checked or ticked). This first run is just to
update the windows with the ‘Samplel.bln’ file and not to solve for
constraints.

Run E the beamline (Base Application Window - Toolbar).
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Viewing the Graphics

These are the same graphs you saw in Chapter 4.1 Running and Real-Time
Tuning Procedures. The run shows the beam (white lines) extending outside the
apertures (green lines) on the far right of the longitudinal plot and along the X
axis of the cross-sectional plot.

itudinal Plot

Long

Apertures

Beam Envelope

Cross-Sectional Plot

Aperture

Beam Envelope
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In the next section you will add a Quadrupole magnet icon. You’ll then use the
Constraint icon to apply constraints to the beam in both the X and Y dimensions
near the end of the beamline. When you next run the beamline, variations in the
quadrupole’s pole tip field strength will automatically yield new profiles. One of
these profiles will provide the solution to the constraints.

Adding a Quadrupole Magnet
11.  Right-click on the SBI Window. This will bring up a pop-up menu

with a choice of new elements.

12.  Select New Quadrupole. Notice that the mouse pointer changes
shape when pulled back into the SBI Window. This indicates that
you are ready to insert the new element.

13.  Position the cursor over the fourth drift length from the left.

14.  Click the mouse to insert the quadrupole. Notice that the new
quadrupole was placed affer the fourth drift length and 1s the current icon.

Get Cross
Spstem 5 e tion
[l ekriz 2 Flt

i =

Sequential Beam lcon Window

IMPORTANT NOTE: You must place the new quadrupole in the
correct position in the SBI Window or you will NOT get the same
demo results. If you did not place the quadrupole in the position
indicated in the above figure, drag-and-drop it to the correct
position now. Remember that you must drop the quadrupole on
the fourth drift length from the left.

15.  To rerun the beamline, click E (Base Application Window -
Toolbar). This will update the windows.
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Viewing the Graphics Again

After adding the Quadrupole magnet the beam 1s focused horizontally and slightly
de-focused vertically. The right end of the longitudinal plot shows that the last
aperture 1s still irradiated with much of the beam. Also, the cross-sectional plot
confirms that the beam 1s outside the aperture along the X axis.

Spill Areas

Cross-Sectional Plot
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In the next section we ask you to find a better tune by automatically varying the
Quadrupole — Pole Tip Field Strength using the Constraint 1con.

Vary One or More Parameters

16.  Double click the Quadrupole icon that you just inserted into the
SBI Window. This brings up the Quadrupole Form Fill-In so you
can re-define the quadrupole parameters.

Horizontal Focuzing Quadrupole - Form Fill-in

—G@eneral Opticz Information
Name: IDefault Quad
Effective Length: |13[|_1 mm T Yamy
Pole Tip Field Strength: |1.B455 kG lﬁ’tl " Vary
Bore Diameter: |-||]g mm " Vary
Alpha - Rotation About 72 ||] degreez {— Varp
Quadrupole Orientation: ~ Vertical
& Honizontal
Number of Slices: |5 & Mo ¥ary
'-,F'arametersﬁh’latri:-c /

17. Click " Vary tor the Pole Tip Field Strength parameter.

18. Click */ . Look in the SBI Window below the Quadrupole
icon. There 1s a V tag that means that the icon has a parameter that
you chose to vary.

Although we could use other beamline elements and we could set other element
parameters as vartables, we are choosing to use one quadrupole with one vartable
parameter. Our only reason 1s simplicity for the tutorial.

Choosing What to Solve For

You could choose to constrain a beam half-size or a cumulative transport matrix
element. Transport system desighers may want to achieve certain optical charac-
teristics by constraining the cumulative transport matrix elements.
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Typically one wants a particular beam size at the target. So, for this tutorial we ask
you to solve for particular beam half-sizes along both the X and Y axes at the end

of the beamline.

19.  Double-click the Constraint icon to bring up the Constraint —
Form Fill-In Variable Parameters page.

Constraint - Form Fill-in

—Element ¥ariable Parameters

Max.

Small Step

Element Hame| Parameter Hame Yalue
1 ISET ATEL M P.T. Field Strength [kG] 1.8456

10

01

[« |

|5tatus: Editing...

x Cancel

Print._.

Copy

“WWariable Parameters ABeam Constraints 4 Curnulative Transport Matrix Constraints /

Note that the Min. and Max. values shown on this page are always used by the
constraint algorithm. They put upper and lower limits on how far the constraint
algorithm can vary each parametet. The Small Step/Big Step values ate not used
by the constraint algorithm. They are used by the real-time simulation during

manual tuning in the Vary Parameter Window.

20.  Leave all entries in the Variable Parameters page as 1s.

21.  Click the Beam Constraints tab at the bottom of the dialog box.
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Constraint - Form Fill-in

~Beam Constraints
& OK
Place a check mark next to the beam half zize that you want as a constraint.
x Cancel
Hame:
IEnstmt Print.._
Values Tolerance Copy
X Vv [a2 mm  +/ 05 o
oA I ||] rad +/- |1 rad
Y v |-|1_3 mm +1- 0.5 mm
I ||] rad +/- |1 rad
Delta: A I ||] -4 +/- |1 -4
M aximum Iterations: |1|]
Wariable Parameters 4 Beamn Constraints 4 Cumulative Transport Matis Constraints £

The Beam Constraints page allows you to constrain one (or more) beam half-
size(s) to a specific value(s) within tolerances. A beam half-size with a check mark
bestde it will be solved for by the constraint algorithm.

22. Click the box beside X to activate it. Enter 4.2 as the half-size and
0.5 as the tolerance.

23. Click the box beside Y to activate it. Enter 11.3 as the half-size and
0.5 as the tolerance.

24.  Set the Maximum Iterations to 10.

25.  Ensure that your Constraint Icon pages match the ones above. Click

OK to accept the changes.

Later on you’ll use the Transport Matrix Constraints to see how they work.
Running the Constraint Algorithm

26.  Toggle on v Solve for Constraints, Run Options menu. This puts
the program in the constraint solving mode. The program will now
only recognise the instructions given to it within the Constraint icon.
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27. Run @ the beamline and look at the top of the screen. There is a
progress indicator that shows how close the algorithm 1s to
completing all parameter step combinations.

Interpreting the Results

Soon after the plots are drawn, the Best Values Found Dialog box, Parameter &
Beam Size Comparisons page appears on the screen.

Consztraint Algonthm - Best Yalues Found Dialog |

Parameter ¥ Beam Size Comparisons | Curaulative Tranzport b atris Comparizons |

Solve for Congtraintz Algaorithm did not find a zolution with the curment parameters.

Element Mame |FParameter Mame Orig. " alue Mew “al

1 Default Quad Pole Tip Field Strength [kG] 1.846 3

KI i

—Beam half sizes at the constraint icon using the above parameter value
With Original Y alues WE Wfith Mew Walues
# |8.37371356997508 mm [5.12934387 787651 mm
Ko |on02910921692430  fad |0 0039304570530254 | rad
Y:  |259051984583721 mm [107146792134147 mm
Yo |00030310760328795 rad |0.0043658335240063 | rad
A 035 % [n.35 %
ze Mew Yalues Dizzard Hew Yalues |

The top panel explains how many of the total constraints are met. The middle
grid shows a comparison of the before and after values for each variable
parameter. The bottom data boxes give the before (pre-run original) and after
(new) values for the beam half-sizes.
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28.  Click and hold on the title bar of the Best Values Found Dialog
box. Drag the box to the bottom of the screen so that you can see

the graphics plots.

i=5 Graphics Plot: X vs 7

tF Graphics Plot: ¥ vz X
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Each graphic shows two beam plots, one on top of the other. The white curves
show the beam plot from the pre-run parameter settings while the blue curves
show the beam plot from the ‘Solving for Constraints’ run. The blue curves show
the closest match possible given the one element (a quadrupole) with one variable
parameter (the pole tip field strength) and the 10 iterations we chose.

With a quick glance you can see whether the new values are worth keeping or
whether they should be discarded. In this case you should discard them because
only one of the two constraints that we chose were met.

29.  Move the Best Values Found Dialog box back to the middle of
the screen and click the Discard New Values button, bottom of the
box.

Since the algorithm only solved for one of the two beam constraints we should
see if increasing the maximum iterations parameter will help the algorithm.

30.  Change the Maximum Iterations to 100 and run the beamline.

At about 25% through its total step combinations the algorithm stopped and
displayed the Best Values Dialog box. This means that all the constraints have
been solved. The program automatically found the quadrupole magnet setting that
forced the beam half-sizes to be the values we chose. Note that the algorithm will
always terminate as soon as all of the constraints have been accepted within their
+/- tolerance range.
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Constraint Algorithm - Best Yalues Found Dialog |

Farameter & Beam Size Comparizonz | Cumulative Transport b atrix Compansons |

Solve for Constraints Algonithrm zolved for 2 out of 2 constraint]z].

Element Hame |Parameter Hame Orig. Walue MHew %al
1 Default Quad Fole Tip Field Shength (k&) 32
4 | i
—Beam half zizez at the constraint icon uzing the above parameter value
With Original alues VE With Mew Walues

K |837371356597508 mm [4 5796288851 3461 mm

Ko |o002910921692430  fad |0.0044433334333008 | rad

¥:  |853051384583721 mim | 11.0865683059158 i

Y- |00030310760328755  fad |0 0053033291040301 | fad

A: |03 % [0.35 %

dze Mew Yaluez Dizcard Mew Values :

The graphics plots also show that the beam is within the aperture.

31. To save the values click the Use New Values button at the bottom
of the box.

You can now fine tune the beamline by narrowing the tolerance allowed for the X
and Y values.

32.  Double-click the Constraint icon to bring up the Constraint —
Form Fill-In Vartable Parameters page.

33. Click the Beam Constraints tab at the bottom of the dialog box.

34.  Set the +/- ranges for the X and Y constraint to 0.1 mm and keep
the Maximum Iterations the same.

35.  Run the beamline again.
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The Y-X blue plot should show that the beam 1s now perfectly inside the
aperture. It 1s actually very close to the same shape and size as the beam obtained
through manual tuning in the Chapter 4.1 tutorial, page 14.

36. Click the Use New Values button to accept the new values.

For the final run we ask you to constrain the [1,1] element entry of the
Cumulative Transport Matrix.

37.  Click the Beam Constraints tab, bottom of the dialog box.

38. Click the X and Y constraints to remove the check marks. We don’t
want you to solve for these anymore.

Constraint - Form Fill-in

~Beam Constraints
& OK
Place a check mark next to the beam half zize that you want az a constraint. x C ,
ance
Hame:
IEnstmt Print.__
Values Tolerance Copy
Remove \ -
the checks < T Js2 U Iﬂ-1 mim
from these " r ||] rad  +/- |1 rad
two beam
constraints. E s mm  +/ [0 T
b i I ||] rad +/- |1 rad
Delta: A I ||] -4 +/- |1 -4
M aximum Iterations: |1|]|]

“Wariable Parameters #Beam Constraints 4 Cumulative Trarsport Matrix Corstraints /
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Click the Cumulative Transport Matrix Constraints tab at the
bottom of the dialog box.

Under ‘Solve for these cumulative transport matrix element values:’
enter -0.337 in the [1,1] cell.

Under ‘Solve for cumulative transport matrix to within these
plus/minus tolerance values:” enter 0.0003 in the [1,1] cell.

When you enter a value in the upper grid you MUST also enter a tolerance
value into the corresponding cell in the lower grid.

Constraint - Form Fill-in

=
="
¥:
b
A

—Cumulative Tranzport Matrix Constraints

Solve for these cumulative transport matnxz element values: x Cancel
ol —0.337 -
- Print...
Y: ——
ks B3 Copy
A

Matrix unitz are in millimeters, radianz, and percent.

Solve for cumulative transport matnx to within these pluz/minus tolerance values:

H.6803

WWariable Parameters 4Beamn Constraints A Curmnulative Transport Matris Constraints /

42. Click the OK button to save the values.

43.  Run the beamline again.

44.  Click the Cumulative Transport Matrix Comparison tab at the top of

the Best Values Found Dialog box.
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Consztraint Algonthm - Best Yalues Found Dialog |

Farameter & Eeam Size Comparison:  Cumulative Tranzport Matrix Comparizons |

— Cumulative Transport b atrix Constraint

Fd atrix unitz are in millimeters, radianz, and percent.

Onginal Transport Matnix

#
'

T
A

Best Tranzport Matrix

b
N
N
A

Usze Mew Values i Dizzard Hew Yalues

You will see that the constraint algorithm solved for the same value in the
transport matrix as was present before the run.

Now that you have some basic skills 1n using the constraint algorithm, we suggest
that you play with some of the different features of the Constraint icon and see
what the results are. You could add more variable parameters or try solving for
different beam half-sizes. So, dive into it...

Remember: when you no longer want the program to automatically tune the
beamline, toggle off Solve for Constraints in the Run Options menu.
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4.3 Questions & Answers

When planning a run, you need to ask yourself, “What do I want from the run
and what tasks do I want the run to perform?” There are many variables that may
be turned on or off depending on your needs. Here we present a number of
questions with answers to explain how and when to change the variables.

The run algorithm 1s the central engine for the software and so has multiple data
generation responsibilities. Given its central role, you MUST do a new run every
time that a change is made 1n the SBI or other windows. A new run will refresh
the mnformation in every window.

Question 1: How do I change the beam type for a run?

Answer: Double-click the Beam Soutrce icon (SBI Window) to bring up the form
fill-in dialog box. Choose envelope or multi-particle. When you choose envelope the
graphics plots will show the outer extents of the beam. The run will not produce beam
spills or show any interaction with the apertures. When you choose a multi-particle beam
type the program wzll be able to generate beam spills and aperture interactions. Also, when
you choose a multi-particle beam type you can enter the Number of Particles that
you wish to have transported along the beamline. Once you have chosen your
beam type click the Run button to see the new plots and data.

Question 2: How do I do an envelope plot?

Answer: Double-click the Beam Source icon to bring up the form fill-in dialog
box. Click the Envelope radio button under Beam Type and click OK to accept
the new beam type. Run the beamline. If one of the graphics windows 1s an
intensity plot you will not see the plot because there are no particles to make up the distribution.

Question 3: How do I do a multi-particle plot?

Answer: Double-click the Beam Source icon to bring up the form fill-in dialog
box. Click the Multi-Particle radio button under Beam Type. Notice that the
Number of Particles Edit Box Label comes alive. Click the edit box and enter the
number of particles that you want in the run (maximum 10,000), then click OK to
accept the new beam type. Run the beamline. If one of the graphics windows 1s an
intensity plot then you will see the plot because there are particles to make up a distribution
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Question 4: How do I do a multi-particle plot with color variation?

Answer: Click Run Options and select Particle Color... (Base Application
Window). This brings up the Particle Color dialog box. Choose the axis where
you want color representation. Click the OK button and then run the beamline
with a multi-particle beam type. Adding color gives you a third dimension. If the
plot 1s X vs Z and the particles are colored depending on where they are along the
Y axis, you get a third dimension in the X — Z plot.

Question 5: Why does the constraint algorithm come on when I haven’t selected
parameters for varying? There aren’t any constraints to be matched. How do I
turn it off?

Answer: The constraint algorithm can only be turned off from the Run Options
menu, Base Application window. Click Run Options then look to see if there is a
check mark beside the Solve for Constraints menu item. If there is one, then the
constraint algorithm 1s active and will try to solve for constraints in the next run.
To toggle the constraint algorithm off, click the Solve for Constraints menu item
to remove the check mark.

Question 6: I have been doing a number of envelope runs with the constraint
algorithm off. When I went to solve for some constraints I forgot that I had set
the maximum iterations too high. Can I stop the run or do I have to let it run its
courser

Answer: Use the Stop button located to the right of the Run button. You can
stop both particle beam type runs and runs that use the constraint algorithm. The
Stop button does not work with basic envelope runs as these take very little time
to complete.

Question 7: How do I see what the beam looks like if there were no apertures to
interact with?
Answer: Click Run Options, then toggle off Show Apertures and Clip Particles.

Question 8: How do I view a particle plot with the apertures shown but not
have the particles interact with them?

Answer: Click Run Options, then toggle on Show Apertures and toggle off Clip
Particles.

Question 9: When I do a run and then look at the System Metrics dialog box, it
always shows the identity matrix for the Cumulative Transport Matrix. How do I
get 1t to show the correct Cumulative Transport Matrix?

Answer: Click Run Options and toggle on Cumulative Transport Matrices.

15/10/98 V1.3



4.0 Using the Tutorials 35

Question 10: When I do a run and then click the Show/Hide BTS Text Window
button to show the BTS Text Window, I find that the window was not updated.
How do I update the window after a run?

Answer: The window must be showing for it to be updated. By showing the
window you toggle a variable in the run algorithm that tells it that you want to
update the window. The default setting is hide or toggle off. This was done to
make the run algorithm as streamlined and quick as possible.

Question 11: How do I manually tune my system or do a real-time run?
Answer: See Chapter 4.0 section 4.1 Running and Real-Time Tuning Procedures.

Question 12: How do I see quantitatively how much beam spill there may be?
Answer: There are a number of variables that you must set for the run to work.
In the Run Options menu toggle on Clip Particles.... This is the important variable to
have on. Next choose a multi-particle beam type. And finally, in the Windows menu
toggle on Collimator Text Window. Run the beamline and see if any spill shows 1n
the Collimator Window.
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5.0 Defining the Beam Source

To test a beamline you need a beam. Using the Beam Source Form Fill-In pages,
you may set the beam parameters to model a beam with any emittance that you
wish.

5.1 Beam Source Form Fill-In

The Beam Source icon O 1s always the first icon on the left in the SBI
Window, bottom of the screen. Click the Beam Source icon to bring up the Beam
Source Form Fill-In — Parameters page.

Beam Source — Form Fill-in — General Beam Information

Beam Source - Form Fill-in

—General Beam Information

. BeamS5ource
Name: I X Cancel

Energy: IZEI MeY
Mass: [938.230721 Me¥
Charge: |1 j q

Humber of Particles: I3 1]

—Beam Type

= Envelope

 Multi-Particle

—Multi-Particle Distribution Generation

7+ Random with each run = Same distribution each run

-l'\PEl[EIITIEtEI'S.I{l Matris & Half Sizes fVirtual Rotations £

Figure 5-1, General Beam Information — Parameters

The Parameters page groups information in three ways. Here you enter ‘General
Beam Information’, ‘Beam Type’ and ‘Multi-Particle Distribution Generation’.

Under ‘General Beam Information’ you enter your choice of beam name, the
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beam kinetic energy value, particle mass, charge and number of particles. For a
multi-particle run you may enter from 1 to 10,000 particles.

Under ‘Beam Type’, select either ‘Envelope’ or ‘Multi-particle’ mode. An envelope
run shows the extents of the beam only, whereas a multi-particle run will show

the beam as a particle distribution.

Under ‘Multi-Particle Distribution Generation’ select either random particle
generation with each run, or the same distribution for each run. Choosing the
same distribution will give you consistency from one run to the next and will
speed up the run time a bit.

Beam Source Form Fill-lIn — Matrix & Half Sizes

Beam Source - Form Fill-in E

—Beam Sigma Matrix & Half Sizes
—Maximum Beam Half Sizes

M atrix units are in millimeters, radians, and percent.

X |2 mm " Yary

b {0.002 rad " Yarp

B xx': ||] degrees

Y Ig mm " Yary

r {0.002 rad " Yarp

8 yy™ ||] degrees

Delta: & ||]_35 %  Vary " Mo Vary

Beam Sigma Matrix
2 3 4 5

2 |0 4E-b o 0 0
7 |0 0 4 0 0
4 0 0 o 4E-6 0
K 0 0 o 0 1.225E-5

" Parameters i Matrix & Half Sizes Afitual Rotations £

x Cancel |

Figure 5-2, Beam Source Form Fill-In— Matrix & Half Siges

X 1s the horizontal half-width of the beam in millimeters.
X' is the horizontal half-divergence of the beam in radians

0 xx' is the tilt angle of the horizontal phase space ellipse in degrees.
Y is the vertical half-width of the beam 1n millimeters.
Y' is the vertical half-divergence of the beam in radians.

0 yy' is the tilt angle of the vertical phase space ellipse in degrees.

A is the momentum spread of the beam in percent.
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Vary 1s a radio button that indicates which parameter may be varied during the
run. Only one parameter may be varted at a time. No zary 1s the default.

The bottom of the form fill-in contains the Beam Sigma Matrix entries. These
entries contain the co-efficients of the beam ellipse equations.

Usually the manufacturer of the actual beam source (whether an ion source, a
cyclotron, a linear accelerator, a synchrotron or any other type of beam source)
will have beam source data that can be used to specify the initial beam half-size
values.

Note: to make improvements to your system you may wish to experiment with
the beam half-sizes or the beam sigma matrix entries. Enter different values and
compare the simulated beam plots and beam spill information with measured data
from the actual system.

There are several approaches to entering data into the Matrix & Half-S1zes Dialog
box. Refer to Figure 5-3.

For an untilted beam phase ellipse (i.e., 0o =0 and 0,,=0) the beam emittances

are: sxx' = Xinax Ijxvmax 8yy' = Ymax DY'max :
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In a more general case, if the beam phase ellipses are tilted such that 0, # 0 and
ny- # 0, then the beam emittances are € _,= X X, = X, [X' . and

€y = Yinax Wine = Yine ' - The equations of the phase ellipses are:

2 2 2 2 _ 2 2
€ T 0px ~20; xx'+ 0y ¥ €y = 04y ~203,yy' + O3y .

To completely specify the ellipses in the form fill-in, you will need to describe:

d
Xinax > X'max > Ox > Yimax » Y'imax » Oy » and A = —pE x 100 % = momentum spread ,

2M
where: p=TA/1 +=, T = particle kinetic energy in MeV, and

M = particle Mass in MeV.
Note that if xx' and yy' phase planes ate uncoupled then:

O — 0O

-1 2 O34

1
0.. =5 tan
= 2 O44 — 033

1
ny- =3 tan

These tilt angles cannot be entered directly into the Beam Source Form Fill-In,
Maximum Beam Half-Sizes section. The 0., and 03 entries must be filled in and

then 0 . and 6}’&" are automatically computed and displayed as slave outputs.

Another approach is to edit the beam sigma matrix directly by placing values
into the matrix. In this case:

01 = (X max)’

0= (X' max)’

00= 0x= [0z (0= (XA "2 = [On (02~ ()22
05 = (Y max)’

0w = (Y' max)’

05 =05= [0 (0= (Vi ))] 72 = [0 (Ou= (Y )D] 72
05 = (O’

All other beam sigma matrix elements are zero if the beam phase ellipses are

uncoupled or independent of each other which is usually the case.

15/10/98 V1.3



40 Using Beamline SimulatorQ

Beam Source Form Fill-iIn — Virtual Rotations

Beam Source - Form Fill-in

—¥irtual Rotations

Yirtual Drift Length ~Sequence |
* Length: Iﬁ]— mim & 1st
Virtual Thin Lens
X Focal Length:ll] mm  2nd
Yirtual Drift Length S equence |
Y Length: Il] mim & 1st
Yirtual Thin Lens
¥ Focal Length:ll] mm C 2nd

Calculate Beam Matrix using Half S5izes and ¥irtual Rotations

' Parameters f, Matris & Half Sizes pWirtual Botations £

Figure 5-3, Beam Source Form Fill-In — Virtual Rotations
Under “Virtual Rotations’ you may specify values that adjust (X, X') or (Y,Y")

phase space orientation of the input beam ellipses. These adjustments may
improve the input model. The adjustments are defined below.

X Length (Virtual Drift Length): a virtual drift of X Length mm is applied to only
the (X, X') phase space of the beam prior to entry to the beamline.

X Focal Length (Virtual Thin Lens): a virtual focus of X Focal Length mm 1s
applied to only the (X, X') phase space of the beam prior to entry to the beamline.

Y Length (Virtual Drift Length): a virtual drift of Y Length mm is applied to only
the (Y, Y') phase space of the beam prior to entry to the beamline.

Y Focal Length (Virtual Thin Lens): a virtual focus of Y Focal Length mm is
applied to only the (Y, Y') phase space of the beam prior to entry to the beamline.

Note: if you want an input beam that is an upright ellipse in both (X, X') and
(Y, Y') phase spaces, enter zeros in all four Input Beam Adjustment edit boxes.
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In the ‘Sequence’ boxes you are allowed to choose which virtual calculation 1s
done first and which 1s done second. This allows you to experiment a bit. Click
the radio buttons in the order that you want. The button will show a tag with the
ranking.

When you have completed the form click v..0K
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6.0 The Ion-Optical Elements

Within the SBI Window (Command and Tool Reference pages 106 to 111 you
may choose any number of the following elements and arrange them in any order
you wish. In this chapter you’ll find instructions to help you add, rearrange and
delete elements. You’'ll also find instructions for specifying element parameters
and for applying constraints to vartable parameters.

6.1 lon-Optical Elements

P

The DIPOLE element represents a dipole magnet.

CiriFt
Lzngth

The DRIFT LENGTH element represents regions in the beam line where the
beam drifts through regions of zero applied fields.

The NON-STANDARD element can be used to represent non-standard steering
or focusing components in a beamline.

m+=

Fuorturbotion
The PERTURBATION element can be used to represent translational or angular
displacements of the beam. These displacements may be inherent in the source

beam or introduced by a steering magnet for example.
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£

The QUADRUPOLE element represents a quadrupole magnet.

Figkakion

The ROTATION element represents systems where the elements are rotated
about the 7 axis.

iy

The SOLENOID element represents a solenoid magnet.

+

The THIN LENS element represents an 1deal focusing element.

6.2 Managing Icons (Element or Other)

Making an Icon Current

The current or selected icon in the SBI Window has the red bars above and below it.
When cutting and pasting icons and when using the Vary Parameter Window;, it is
important to be aware of which icon is current. The Vary Parameter Window
adjusts parameters for the current icon only.

To make an 1con current:
1. Place the cursor over the icon and click.

Inserting Icons

To insert a new icon:
1. Place the cursor in the gray area of the SBI Window.
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Right click the mouse to view the pop-up menu.
Click the ELEMENT NAME of your choice.

Move the cursor to the desired location in the SBI Window and click
to insert.

Cutting and Pasting Icons

To cut and paste an existing icon:

AR AN S o

In the SBI Window, click the icon you wish to move.
Place the cursor in the gray area of the SBI Window.
Right click the mouse to view the pop-up menu.

Click CUT.

Again, right click the mouse to view the pop-up menu.

Click PASTE. The element 1s always inserted after the current icon.

Note: any icon that you handle (e.g., insert, cut and paste, drag and drop or left
click) becomes the current icon.

Rearranging Icons by Drag and Drop

To drag and drop an 1icon:

1.
2.

Click the icon and continue to hold the mouse button down.

Drag the cursor across the SBI Window and watch the purple bars
move with you. When you reach the new location release the mouse
button. The icon will drop into place.

3 Ways to Delete an Icon

To delete an icon:

1.
2.

15/10/98
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Click the icon to make it the current icon.

Press the Del key. The garbage can (upper left corner of the SBI
Window) will become animated to show that the icon has been
deleted.

OR
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1. Click the icon and continue to hold the mouse button down.

2. Drag the cursor to the garbage can and release the mouse button.
The garbage can will become animated to show that the icon has
been delete.

OR
Click the icon to make it the current icon.

4. Right click the mouse to view the pop-up menu.
Click DELETE ELEMENT.

6.3 Specifying Parameters for Elements

To define or change a parameter for any element in the SBI Window:

1. Double click the element icon to view the Form Fill-In pages.
2 Click inside the parameter box or on a radio button.

3. Type in the new parameter.

4 Click OK.

Using the Form Fill-In pages you can easily define each element in a different way
— no matter how many elements there are.

Dipole Form Fill-In

o

A dipole magnet 1s normally used to cause a charged particle beam to be
transported along a curved trajectory. Five common uses for a dipole magnet are
to:

enable the transport system to avoid physical obstacles
maintain particles on a closed or spiral orbit

permit momentum selection and

select different beamlines for transport

correct misalighed beams by steering them
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Dipole - Form Fill-in
—G@eneral Optic Information

Name: IDefault Dipole
Effective Length: |3|]g_3 mm = Vary X Cancel |
Field Strength: |1_23? kG ﬂl = Vary

Field Gradient [n]: Iu T Yamy

Entrance Pole Face Angle: Iu degrees Varp

Exit Pole Face Angle: Iu degrees Varp

Mumber of Slices: |5 = Mo Vary

—Fringe Field Cormrection Terms

Pole Gap: |u.u mm K1 |u.u K2-[0.0

—Bend Direction

T Up " Down " Left * Right

'-,F'arameters,{MatriH /

Figure 6-1, Dipole Form Fill-In — Parameters Page

Name 1s the default name but you may rename it as you wish. You may want to
number the dipole magnets sequentially, e.g., Dipole 1, Dipole 2, Dipole 3, etc.

Elffective Length 1s the effective optical length of the dipole magnet in millimeters.
The effective length of a dipole magnet is typically longer than the physical length
of the magnet because the magnetic field bulges outward at the entrance and exit
of the magnet. A wuseful rule of thumb is that the effective length equals the length of the iron
poles plus the gap width between the poles. For more information see Appendix E,
Ion-Optics Technical Notes.

Field Strength 1s the magnetic field strength in kilo Gauss.

ﬂl Clicking the speed button brings up the Dipole Primary Input Parameter
Dialog box. Refer to Figure 6—2, page 48.

Field Gradient (n) 1s dimensionless and 1s defined by the equation:

n = -dB/B where B 1s the magnetic flux density and
do/p o 1s the radtus of curvature.
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Entrance Pole Face Angle 1s the angle in degrees that the beam central trajectory
makes with a line drawn perpendicular to the pole face at the point where the
beam enters the magnet.

Excit Pole Face Angle 1s the angle in degrees that the beam central trajectory makes
with a line drawn perpendicular to the pole face at the point where the beam exits
the magnet. A positive sign of the angle on either entrance or exit pole faces
corresponds to a non-bend plane focusing action and a bend plane defocusing
action.

Numiber of Slices 1s an mput used by the graphics routines. The number entered mnto
the edit box is the number of points along the beam’s trajectory (through the
element) at which calculations will be made and data plotted.

Choosing a larger number will cause more data points to be calculated and
plotted. The resulting plot will be more detailed. Choosing a smaller number will
speed up calculations but reduce the resolution of the plots.

Vary 1s a radio button that indicates which parameter may be varied during the
run. Only one parameter may be varied per element. No [7ary 1s the default.

Fringe Field Correction Terms correct for the fact that the field fall-off outside of the
magnet 1s gradual rather than a step function. The default values for the terms are
Zeros.

The first order transport matrix for a pole face rotation 0 1s:
1 0 0 0 0

Dan() |:|
DQ_ 1 0 0 O|:|
N
|]O 0 0 0 1|:|

—_

) 1+ sin20
where the correction term o = @Q E% wgmﬁl -K1 k2 Dg Llan 0%.

cos 0

If no data exists for your magnet then values of K1 = 2 and K2 = 0 should be
reasonable.
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Other common values are:

Dipole Type K1 K2
Linear 16667 3.8
Clamped Rogowski 4 4.4
Unclamped Rogowski 7 4.4
Square Edged 45 2.8

IMPORTANT NOTE: if you are using K2 then your results should be checked

by a rigorous ray-trace program.

Bend Direction 1s the direction 1 which the beam is bent by the dipole magnet —
as viewed when looking in the direction of beam travel.

The Matrix page (not shown) displays the element transport matrix for a single
slice. If the number 1 is entered into the “Number of Slices” edit box, the matrix will
represent a single element. (i.e., one slice represents the whole element). If ‘n’ 1s
entered, n being any number of slices, then the matrix will represent '/n of the
element.

Choose Dipole Primary Input Parameter - Dialog |
~Choose the Dipole Primary Input Parameter
o DK
{* Field Strength |1 237 kG
Cancel
r Bend Angle IE_B deg[ﬂes .x—
i~ Current I[] amps
Slope: I_E ampz/kG
Intercept: IU amps
Where | = [Slope] B + Intercept

Figure 6-2, Dipole Primary Input

Field Strength 1s the default and shows in this screen for convenience.

Bend Angle may be known when field strength is not known. For this reason you
have the option of entering the bend angle.

The relationship between the Field Strength and Current 1s given by the equation in

the dialog box, where ‘B’ 1s the magnetic field strength and ‘T’ 1s the power supply
output current.
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If you know the linear relationship between the power supply output current and
the field strength, and you enter the S/pe and Intercept values, you may choose
current as the primary data input for the dipole magnet.

Drift Length Form Fill-In

Clrift
Lzngth

A drift length or drift space 1s any region in a beam transport system where no
magnetic or electric fields are present. For example, the spaces between magnets
are usually drift spaces.

Drift Length - Form Fill-in
—General Optic Information

x Cancel

Hame: |Default Drift

Length: |1 on mm i~ Warp

Humber of Slices: |15|
* Mo ¥Yarp

'-,F'arametersﬁh’latri:-c I

Figure 6-3, Drift Length Form Fill-In

Narme is the default name but you may rename it as you wish.

Length defines the total field free distance in millimeters.

Numiber of Slices 1s an input used by the graphics routines. The number entered into
the edit box is the number of points along the beam’s trajectory (through the

element) at which calculations will be made and data plotted.

Vary 1s a radio button that indicates which parameter may be varied during the
run. Only one parameter may be varied per element. No [7ary 1s the default.
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The Matrix page (not shown) displays the element transport matrix for a single
slice. If the number 1 is entered into the “Number of Slces” edit box, the matrix will
represent a single element. (i.e., one slice represents the whole element). If ‘n’ 1s
entered, n being any number of slices, then the matrix will represent '/n of the
element.

Non-Standard Form Fill-In

1...n

3 o
A non-standard element is typically an optical component whose transport matrix
must be numerically determined by specialized programs. For example, the fringe

field of a cyclotron may be included as a non-standard element. This element will
only be used by experts.

Mon-5tandard - Form Fill - In |

—Parameters

Hame: IDefauIt Mon-Standa X Cancel |

Length: ||] o

—Matnix

Matrix unitz are in millimeterz, radians. and percent.

. |0 1 0 0 0
v- |0 0 1 0 0
v |0 0 0 1 0
A |0 0 0 0 1

Figure 64, Non-Standard Form Fill-In — Parameter &> Matrix Information

Narme is the default name but you may rename it as you wish.

Length 1s the length of the element in millimeters. The length value 1s used to
adjust the graphics plots to the correct scale.

Matrix values are known values that come from programs that track charged
particle trajectories through three-dimensional electromagnetic field maps.
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Perturbation Form Fill-In

Fivam

Ferturbation
The perturbation capability allows the user to represent a beam whose central
trajectory is off-centered by X mm horizontally and/ot Y mm vertically. In
addition, a beam whose central trajectory 1s diverging (mis-steered) by an angle in
the hotizontal plane of X' radians, and/or in the vertical plane of Y' radians can

be represented.

Beam Perturbation Form Fill-in

Mame: IPertmhatiun

X Iu mm
bt ||] rad
: ||] mm
| i ||] rad

Figure 6-5, Beam Perturbation Form Fill-In

Nanme 1s the default name but you may rename it as you wish.

X, XY, Y" parameter values will offset the beam central trajectory by the amounts
specified in the Beam Perturbation Form Fill-In. The offset occurs at the Z co-
ordinate where the Perturbation icon 1s located in the SBI Window.

Quadrupole Form Fill-In

H

A quadrupole magnet 1s used for focusing a charged particle beam. However,
unlike a lens used in the optics of light, a quadrupole magnet focuses 1n one plane
while defocusing in the perpendicular plane. For example, a ‘horizontal’
quadrupole magnet focuses in the horizontal plane but defocuses in the vertical
plane.

15/10/98 V1.3



52 Using Beamline SimulatorQ

Horizontal Focuzing Quadrupole - Form Fill-in

—G@eneral Opticz Information
o DK

Name: IDefault Quad

Effective Length: |13[|_1 mm T Yamy X Cancel

Pole Tip Field Strength: |1.B455 kG lﬁ’tl " Vary

Bore Diameter: |-||]g mm " Vary

Alpha - Rotation About 72 ||] degreez {— Varp

Quadrupole Orientation: ~ Vertical

& Honizontal

Humber of Slices: |5 o Nu"'.l"al}i

'-,F'arametersﬁh’latri:-c /

Figure 6-6, Quadrupole Form Fill-In — Parameters Page

Narme is the default name but you may rename it as you wish.

Elffective Length 1s the effective optical length of the quadrupole magnet in
millimeters. The effective length of a quadrupole magnet is usually estimated as
the length of the pole plus the bore diameter between the poles. Consequently,
the effective length 1s usually a bit longer than the physical length of the magnet,
since it accounts for the field that bulges outside the magnet on either end.

Pole Tip Field Strength 1s the magnetic field strength in kilo Gauss.

ﬂl Clicking the speed button brings up the Quadrupole Primary Input Parameter
Dialog box. Refer to Figure 6—7, page 53.

Bore Diameter 1s the aperture size of the quadrupole magnet in millimeters.

Note: the term aperture has two different uses in this document. Usually it refers
to the aperture size of the physical beam pipe or diagnostic collimators, but when
talking about bore diameters 1t refers to the aperture size of the quadrupole

magnet.

Alpha — Rotation About Z is the rotation angle of the quadrupole about the Z axis.
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Qunadrupole Orientation may be either vertical or horizontal. Vertical quadrupoles
will focus in Y and defocus 1n X. Horizontal quadrupoles will focus in X, and
defocus in Y.

Numiber of Slices 1s an mput used by the graphics routines. The number entered into
the edit box is the number of points along the beam’s trajectory (through the
element) at which calculations will be made and data plotted.

Vary 1s a radio button that indicates which parameter may be varied during the
run. Only one parameter may be varted per element. No vary is the default.

Choosze Quadrupole Primary Input Parameter - Dialog |
—Chooze the Quadrupole Primary Input Parameter

 Field Strength [1.846 kG : *

¢ Field Gradient [0.03419 KG/mm X Cancel |

" Quadrupole Strength K ID_I]I]ZI]BB 1/mm

" Current ||] amps

Clope: Iﬂ amps/kG
Intercept: Iﬂ amps
YWhere I1= [Slope] B + Intercept

Figure 6-7, Quadrupole Form Fill-In — Primary Input

Field Strength radio button is the default.

' ‘ . field ﬁ
Field Gradient 1s defined as Ewbore radius

Quadrupole Strength K is defined as

field gradient

momentum
charge

The relationship between the Freld Strength and Current is given by the equation in

the dialog box, where ‘B’ 1s the magnetic field strength and T" is the power supply
output current.

If you know the linear relationship between the power supply current and the

field strength, and you enter the S/ope and Intercept values, you may choose current
as the primary data input for the quadrupole magnet.
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Quadrupole Form Fill-In — Matrix Page

Horizontal Focusing Quadrupole - Form Fill-in
~Transport Matrix

o DK
Matriz unitz are in milimeters, radians. and percent.
x Cancel
- [D.99852480; 26.007203900 1] 0
- -0.0001133610.998524807 0 1] 1]
¥ 1] 1] 1.001475917 26.03279986 0
w0 1] 0.0001134721.001475917 0
A 1] 1] 1] 1] 1

Y Parameters }-,Matri:-cil'

Figure 6-8, Quadrupole Form Fill-In — Matrix Page

Matrix displays the element transport matrix for a single slice. If the number 1 1s
entered 1 into the “Number of Slices” edit box (Quadrupole Parameters page), the
matrix will represent a single element (L.e., one slice represents the whole element).
If ‘n’ is entered, n being any number of slices, then the matrix will represent '/n
of the element.

Rotation Form Fill-In

Fiotation

Standard optical elements such as quadrupole and dipole magnets are sometimes
installed at angles rotated about the Z axis. One way to simulate transport through
such a rotated element is to rotate the beam co-ordinates by the appropriate angle
before entry into the element and then to rotate the beam co-ordinates by the
negative angle after exiting the element. The sequence in the SBI Window would
be: Rotation icon positive (+) angle; Standard Element icon; and Rotation icon
negative (-) angle.

Note that the quadrupole magnet element can be rotated directly using Alpha —
Rotation about Z.
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Fotation - Form Fill - In

—Parameters

Name: IDefauIt Rotation x Cancel |

Angle: ||] degrees

—Matrix

Matriz unitz are in milimeters. radianz. and percent.

. |0 1 0 0 0
v |0 0 1 0 0
v [0 0 0 1 0
A |0 0 0 0 1

Figure 6-9, Rotation Element — Form Fill-In

Narme is the default name but you may rename it as you wish.
Apngle 1s the amount of beam rotation about the Z axis in degrees.
Matrix displays the transfer matrix for the rotation icon.

Note that you are not able to edit the matrix table because it is defined by the
Parameters box above.

Solenoid Form Fill-In

A SOLENOID magnet focuses 1n both planes at the same time and also causes
the beam to rotate about the 7 axis.
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Solenoid - Form Fill In
—General Opticz Information

Hame:

Effective Length:
Field Strength:

mm = Yamy
kG &% " Vamy

Humber of Slices:

" Mo Vary

'-,F'arametersﬁh’latri:-c I

Figure 6-10, Solenoid Form Fill-In

Name 1s the default name but you may rename it as you wish.

Elffective Length 1s the effective optical length of the solenoid element in millimeters.
The effective length 1s usually estimated as the axial length of the coils plus the
solenoid bore diameter to account for the field that bulges out at either end of the
magnet.

Field Strength 1s the magnetic field strength in kilo Gauss.

ﬂl Clicking the speed button brings up the Solenoid Primary Input Parameter -
Dialog box. Refer to Figure 6—11.

Numiber of Slices 1s an mput used by the graphics routines. The number entered into
the edit box is the number of points along the beam’s trajectory (through the

element) at which calculations will be made and data plotted.

Vary 1s a radio button that indicates which parameter may be varied during the
run. Only one parameter may be varied per element. No [ary 1s the default.
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Choose Solencid Primary Input Parameter - Dialog |
—Chooze the Solenoid Primary Input Parameter
o DK
@ Field Strength | kG
: X Cancel
i~ Cument I Amps -
Slope: I kG /Amps
Intercept: I ki
Where |1= [Slope] B + Intercept

Figure 6-11, Solenoid Primary Input

The relationship between the Fzeld Strength and Current is given by the equation in
the dialog box, where ‘B’ 1s the magnetic field strength and ‘T’ 1s the power supply
output current.

If you know the linear relationship between the power supply current and the
field strength, and you enter the S/pe and Intercept values, you may choose current
as the primary data input for the solenoid magnet.

Thin Lens Form Fill-In

The THIN LENS element represents an ideal lens. This element adjusts the beam

focus instantly and can be used as a correction within the system, or to mimic
lenses that are not part of this software, e.g., electrostatic lenses.
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Thin Lens - Form Fill In
—General Dpticz Information

Name: IDefauIt Thin Lens
¥ Focal Length: |1 oo mim = Vary
¥ Focal Length: |1 oo mim = Vary

i+ Mo Vary

'-,F'arameters,l{h’latri:-: I

Figure 6-12, Thin Lens Form Fill-In

Narme is the default name but you may rename it as you wish.

X Focal Length 1s the focal length 1n millimeters of the thin lens along the X axis.
This value may be positive or negative.

Y Focal Length 1s the focal length in millimeters of the thin lens along the Y axis.
This value may be positive or negative.

Vary 1s a radio button that indicates which parameter may be varied during the
run. Only one parameter may be varted per element. No [7ary 1s the default.

Note: the thin lens cannot be sliced.

15/10/98 V1.3



6.0 The Ion-Optical Elements 59

6.4 Applying Constraints

The Constraint icon can be manipulated in the same way as the other icons in the
SBI Window. See Section 6.2 Managing Icons.

To use the Constraint icon, place it at any point in the beamline (SBI Window)
where you must meet a beam or transport matrix constraint. Typically the
Constraint icon is left at the end of the beamline to enable the user to constrain
the beam size to fit the target.

Constraints can be placed on the beam size or divergence, or on the cumulative
transport matrix. The constraints are activated at the location of the Constraint
icon along the Z axis in the SBI Window.

For example, the beam transport system specified in the SBI Window may not
yield a beam of appropriate size at the target. By placing the Constraint icon at the
target position and specifying the required beam size, the program will automati-
cally adjust the ‘vary’ parameters from the various beamline elements to try to
achieve conditions that will cause the beam to meet its constraints. Alternatively,
the user may choose to try to manually tune a single element through the Vary
Parameter Window.

To access the Constraint Form Fill-In dialog box, double click the Constraint icon
to bring up the pages.
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Constraint Form Fill-in — Variable Parameters

Constraint - Form Fill-in

—Element ¥ariable Parameters
Element Hame |Parameter Mame |Yalue |Max. [Min. [Small Step |Big Ste
1 Default Drift Eff. Length [mm] 1IN 10000 O 100 200 x Cancel
Print...
Copy
4] | i
|5tatus: Editing... |
“WWariable Parameters ABearn Constraints A Curmulative Transport Matris Constraints £

Figure 6-13, Constraint Form Fill-In — V ariable Parameters

The Variable Parameter page gives a summary of beamline element parameters
throughout the system that have been selected as ‘vary’ parameters. This page
shows that only one ‘vary’ parameter called Effective Length has been selected for
a Drift Length element. The Effective Length value is 1000 mm. The Maximum
and Minimum values, 10000 mm and 0 mm respectively, are the range that the
program uses when it automatically solves for user specified beam or transport
matrix constraints.

The Small Step and Big Step Values are used when you manually tune the system
through the Vary Parameter Window. They define how large a jump the program
makes with each new try. You may choose to take big steps or small steps.

Note: To add or delete elements in this form you must exit the form and go back

to the SBI Window. Double click the element icon you wish to change. This
opens the element Form Fill-In dialog box where you may toggle the appropriate
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Vary radio button on or off. To accept your changes click OK. To get back to the
Contraint Form Fill-TIn page, double click the Constraint icon. The changes you
made to the ‘vary’ parameters should be reflected in the Variable Parameters page.

To change the element Value and/ot the Maximum, Minimum, Small Step, or Big
Step values click on the appropriate grid box and enter the new number(s).

Remember that you must select v Solve for Constraints under the Run Options
menu, Base Application Window to use the automatic constraint solving
algorithm. The program then searches the range between the maximum and
minimum values 1n equidistant steps as defined by the number of iterations. At
each iteration the program checks to see if the constraints have been met.

Constraint Form Fill-iIn — Beam Constraints

Constraint - Form Fill-in |

~Beam Constraints
& OK
Place a check mark next to the beam half zize that you want as a constraint.
x Cancel
Hame: i
IEunstramt Print.._
Yalues Tolerance Copy
®: ™ |4 mm |-| mm
oA I ||] rad +/- ||]_|]|]2 rad
b I ||] mm  +/- ||] mm
b i I ||] rad +/- ||]_|]|]2 rad
Delta: A I ||] -4 +/- ||]_5 -4
M aximum Iterations: |1|]
Wariable Parameters 4 Beamn Constraints 4 Cumulative Transport Matis Constraints £

Figure 6-14, Constraint Form Fill-In — Beam Constraints.
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Constraint Form Fill-iIn — Beam Constraints

Constraint - Form Fill-in |

—Beam Constraints
& OK
Place a check mark next to the beam half zize that you want as a constraint.
X Cancel
Hame: i
IEunstramt Print.._
Values Tolerance Copy
®: ™ |4 mm |-| mm
oA I ||] rad +/- ||]_|]|]2 rad
b I ||] mm  +/- ||] mm
b i I ||] rad +/- ||]_|]|]2 rad
Delta: A I ||] -4 +/ [pg -4
M aximum Iterations: |1|]
Wariable Parameters 4 Beamn Constraints 4 Cumulative Transport Matis Constraints £

Figure 6-14, Constraint Form Fill-In — Beam Constraints.

If one of the beam half-size parameters contains a ' in the small box beside its
edit box, then the run algorithm will attempt to meet that constraint, but only 1f

v Solve for Constraints under the Run Options menu has been selected.
Otherwise the program will model the system based on the nominal data that
resides 1in the SBI Window.

The Tolerance +/- edit box provides an acceptance or ‘close enough’ range for
the beam half-size constraint. If the simulated half-size is within the +/- amounts,
then the program declares that 1t has found a tune that solves the constraint.
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Constraint Form Fill-In — Transport Matrix Constraints

Constraint - Form Fill-in |

—Cumulative Tranzport Matrix Constraints

Matrix unitz are in millimeters, radianz, and percent.

Solve for these cumulative transport matnx element values: x Cancel
x

b Print...
Y:

Y Copy
A

Solve for cumulative transport matnx to within theze pluz/minus tolerance values:
x
=
Y:
b
A

WWariable Parameters ABeam Constraint: A Cumulative Transport Matis Constraints £

Figure 6-15, Constraint Form Fill-In — Transport Matrix Constraints.

Should you require a particular ion-optical condition 1n the system, you can
specify constraints on the system transport matrix. This 1s primarily used by
experts or system designers. The Transport Matrix Constraints will constrain the
cumulative transport matrix at the location of the Constraint icon in the SBI
Window.

If a value 1s entered into a cell in the top matrix, that cell will be one of the
constraints to be solved for in the next run. If there 1s nothing in a cell, then that
cell 1s ignored.

If you enter a value in a cell in the top matrix you must also enter a value 1n the
corresponding cell in the bottom matrix. The bottom matrix defines the range of
acceptance on the constraint so the program knows when 1t 1s ‘close enough’ to a
solution.
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7.0 Diagnostic Tools

Diagnostic information about your beamline will largely come from the graphics
windows, the Collimator Text Window and the Beam Transport System (BTS)
Window.

In addition to these windows, there are several diagnostic tools available within
the SBI Window. They are:

the Apertures button,

a Cross-Section Plot icon,
an End Run icon, and
the System Metrics icon.

The Apertures button, the Cross-Section Plot icon, and the End Run icon define
how the diagnostic output looks and/or where along the beamline the data comes
from. The System Metrics icon is used to extract useful information from the
system.

The icons are managed in the same way as those discussed in Chapter 6.2
Managing Icons. The Apertures button functions in its own unique way.

7.1 Apertures Button

The Apertures button 1s located in the bottom left corner of the SBI Window.
When you click the Apertures button you bring up the Transport System —
Aperture Form Fill-In.
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Tranzport System - Aperture Form Fill - In |
—Aperture Entry

Mame Shape [Ellipze/Rectangle] Hornizontal Full Width [mm] Yertical V’ __________ [IK
1 PIEETIE TGN Fllipze 3 3
x Cancel

Print...

Copy |

<] | il

Insert Row | Delete Row I

Status: Editing....

\Apertures §

Figure 7-1, Transport System — Aperture Form Fill-In

This very important dialog box 1s used to describe the physical dimensions of the
beam transport system beam pipe, collimators and vacuum boxes. All the

apertures described here will be displayed in the graphics plots.

Note: To view hidden parts of the window, use the scroll bars to move the text to

the right or left.

Rules for Entering Data

« Each row in the grid represents a single aperture.

« The sequence of apertures is read from top to bottom. This means that the
beam passes through the top aperture first, then through the second
aperture, and so on down the list.

« 'The current row 1s the row with the highlighted cell.

«  New rows are always inserted before the current row.

. If there is only one row in the grid, you cannot delete 1t.

Insert, Delete and Edit Actions

. To insert a new row click Insert Row | )

k _Delete How |

« To delete a row click any cell in that row and then clic
« To edit a cell double-click it. When you see the blinking cursor or
highlighted text you may start editing.

« To accept your entries and close the form click

Troubleshooting

Watch for messages in the status bar. If a message reads, “This cell should not be
empty,” then you must enter a cell value before the row will be accepted.
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Column Descriptions

Narme 1s the name of the aperture.

Shape is the shape of the aperture — either El | | pse or Rect angl e. The
entry must be in the exact format shown, written 1n full, including the capital
letters at the beginning of the words. If you enter 1t incorrectly, the status bar will
display a message saying that an error has occurred.

Horigontal Full Width 1s the tull size of the aperture along the horizontal axis in
millimeters.

Veertical Full Width 1s the full size of the aperture along the vertical axis in
millimeters.

Center Co-ordinates are the center X - Y co-ordinates for the aperture in millimeters.
X=0, Y=0 means that the aperture is centered with respect to the beamline axis.
X=1, Y=1 means that the center of the aperture is 1 millimeter to the right and 1
millimeter above the beamline axis.

Length 1s the length of the aperture along the Z axis 1n millimeters.

Type is one of five different apertures. You may choose N (No Readback),
R (Readback), B (Top and Bottom Readback), | R (Left and Right Readback), or

[BLR (Top, Bottom, Left, Right Readback). The type you choose will define how
beam spill data 1s presented in the Collimator Window.

Description 1s a description of the aperture. You may enter any description you
wish.

Status: Editing... )
_ shows the status messages for the dialog box. Also,

when data are entered incorrectly, 1t displays error messages and gives suggestions.

15/10/98 V1.3



7.0 Diagnostic Tools 67

7.2 Cross-Section Plot Icon

Cross
§Section
Pt
The Cross-Section Plot icon can be placed at any location along the beamline’s

Z axis (SBI Window). It 1s typically placed at locations of interest to the user, such
as at the target at the end of the beamline.

The placement of the Cross-Section Plot icon determines where all cross-sectional
and/or intensity plot data will be generated. The position of the Cross-Section
Plot icon shows as a vertical yellow line 1n all the longitudinal plots. There is no
dialog box assoctated with the Cross-Section Plot icon.

7.3 End Run Icon

The End Run icon is used to stop the run algorithm at a desired Z co-ordinate. It
1s used only for multi-particle beams and can be placed at any location 1n the
beamline along the Z axis.

If you are only interested in obtaining data at a particular Z location along the
beamline with the Get System Metrics icon, there 1s no need to do further
calculations along the beamline. In this case the End Run icon should be placed
mmmediately after (to the right) of the Get System Metrics icon, so no further
calculations are performed. There is no dialog box assoctated with the End Run
icon.

7.4 Get System Metrics Icon
Get
Sstem

[ ekricz

Any number of Get System Metrics icons can be inserted in the beamline at
positions of your choice along the Z axis. The only condition is that they be
placed after the Beam Source icon.

When you place a Get System Metrics 1con you are asking for measurement
information about the beam half-sizes, the cumulative beam sigma matrix, the
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cumulative transport matrix and the particle vector co-ordinates. This data is
generated at the Z co-ordinate of the Get System Metrics 1con.
Measurement Readouts

To access the three System Metrics readout pages, double click the Get System
Metrics icon. This brings up the System Properties page.

System Metrics E3
—System Properties

Name of Test: ISystem Metrice at £ = 39001
System Length: |39|]|]_1 mm m
Humber of Iterations: I?g Print._.
Energy: Igg MeV Copy |
Mass: Iggg_gg MeV
—Beam Parameters

= [41831 mim

A% |0.0048184 rad

Y [11.358 mim

¥ |0.0055615 rad

Delta: ||]_35 %

< {39001 mim

—‘-,S_I,Istem F'ropertiesﬁls_l,lstem M atrices ,-{F'eutiu:lesflr

Figure 7-2, System Properties Page

The System Properties page shows the main Beam Parameters such as the beam
half-sizes at the 7. co-ordinate noted in the edit box titled /. .

This 1con was originally used for testing the software but has been kept as a utility
icon. Note that you cannot edit the parameters in this screen. They are readouts
only.

The system information values can be printed or copied from this screen, or, can

be printed from the Beam Transport System (BTS) Text Window, found in the
Window menu, Base Application. Refer to Chapter 9.2.
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Syztem Metrics

69

—System Matnces [£=3900.1)
M atrix unitz are in milimeters, radians, and percent.
Cumulative Beam Sigma Matnix

= b4 Y b Al
- -0.017357 0 0 ]
v | -0.017557 2.3217E-5 ] 0 ]
v 0 0 129 0.06290% -0.00706
w0 0 0.062905 3.0931E-5 -3.6957E-6
A0 0 -0.00706 -3 6957E-6 1.225E-5

Cumulative Transport Matnx

X 1344.1 ] 0 0
A1 -0.00035282 -1.5585 ] 0 0
¥ |0 0 1.9491 43772 -576.32
Y|0 0 0.00079201 24949 -0.30169
AZ(D 0 ] 0 1

Prnt._..

Copy |

;,S_l,lstem Properties :?-,S_l,lstem b atrices ,I{F'eutiu:lesflr

Figure 7-3, System Matrices Page

The System Matrices page shows the Cumulative Beam Sigma Matrix and
Cumulative Transport Matrix at the Z co-ordinate of the Get System Metrics
icon. In this example, the Z co-ordinate written at the top of the page 1s

7/=3900.1 .

The system matrices values can be printed or copied from this screen, or, can be
printed from the Beam Transport System (BTS) Text Window, found in the

Window menu, Base Application. Refer to Chapter 9.2.
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System Metrics E3
—Parhicles
From Beamline File: D:sDCLsBeamline Simulation Software Delphi 3. s V" (1].4
Swystem Particle Vectors <Z=3%80.1> T | oo
=================================================================: x Cancel
i g mm | ' rad | ¥ mm ¥ rad Delta = Za —_—
-1.3449E+88 1.92432E-83 1.18748E+88 5_.18797E-84 -2 _865%%E-61 3.9601 P""t---
1.17998E+A@ -1 .A942E-A4 8 _59862E-A1 6.56598E-A4 1 _883A1E-A1 3.968@1 ——
1.50232E+80 —-4.4811E-84 -7 _8545E+88 -3 _.2723E-83 -1.3785E-682 31.968@1 Eupy |
—-8.3064E-6A1 4_27255E-84 —-2_2454E+880 -1 _2013E-83 -8 _4132E-82 3.96801
3.49617E-81 -1.2441E-84 1 _45574E+88 4_83985E-84 3.11264E-8A1 3.9801
-2 .4410E+B@ 2 _79437E-83 —1_8613E+88 -1 _3728E-84 -5_1804E-682 3.9601
—6.3727E-A1 1_43872E-A3 5.58649E+88 2 _49962E-A3 -2 _249AE-A1 3.96841
?.70185E-6A1 -2.2275E-83 6.66113E-A1 1.82411E-84 -1 .9684E-6A1 3.968@1
3.23275E-A2 -3.5265E-05 4_0688AE+AA 1 55971 E-A3 9._.22915E-A3 3.968@1
—4.3791E-81 3.22141E-84 1_935%26E+88 2 _5206%9E-84 3.16848E-8A1 3.9801
8.77019E-6A1 -1.2137E-83 -2_8468E+880 -1 _2636E-83 -2_7926E-81 3.9601
-3.1677E+88 3.46476E-83 4.88251E-8A1 -6.5655E-A6 1.88133E-681 3.9801
-1.8428E-A1 1.318160E-83 -7_.8987E+A8 -3 _.166B8E-A3 -?.6681E-A3 3.968@
1.59829E+A@ -1 .8266E—A3 3_48585E+A8 1.3657AE-A3 8 _54@18E-A2 3.968@1
—4 . 2268E-82 1.36335E-84 3_305%35E+88 1.58457E-83 -3.3973E-81 3.9801
—-2.23%2E+88 2_83498E-83 & _55158E+88 3 _42259E-83 -5_5626E-82 3.96801
4. 47571E-81 2.47489E-84 —7_9659E+88 -3 _.6186E-A3 5.52882E-82 3.98@1
4 _B645%58E-A1 1.659260E-83 —1.6580E+A8 -8 _1148E-84 -1 .8214E-6A1 3.96801
-1 .6681E+A@ 2_87373E-A3 -2_5%58E+80 —1 .5477E-A3 1 _.85286E-A1 3.96081~
1| | 3
Save to File...l

1'\.lS_l,lsham F'ererties,-{S_l,lstem I‘-J1atrices:-'\F'artiu:les,,‘r

Figure 74, Particles Page

Provided that you ran a multi-particle beam (not an envelope beam), the Particles
page shows the co-ordinates for all particles at the Get System Metrics icon Z
location.

The particle co-ordinates can be saved to file, printed or copied.
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8.0 Graphics Management

8.0 Graphics Management

This chapter looks at the choices you must make to get the most out of the
graphics windows.

8.1 Looking at Plot Types

Here we show examples of the three main plot types — longitudinal, cross-
secttonal and intensity.

Longitudinal Plot

Figure 8-1, Longitudinal Plot of an Envelope Beanr Run
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Longitudinal Plot

Figure 8-2, Longitudinal Plot of a Particle Beam Run

Cross-Sectional Plots

Figure 8-3, Cross-Sectional Plot of an Envelope Beanr Run

V1.3
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Cross-Sectional Plot

Figure 84, Cross-Sectional Plot of a Particle Beam Run

Intensity Plot

Figure 8-5, Intensity Plot of a Particle Beam Run
In the next section we cover the graphics properties associated with each plot

type.
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8.2 Choosing Graphics Properties
1. Place the cursor in either of the graphics windows and right click.
This brings up the pop-up menu.
2. Select Properties to view the Properties Notebook, Graph Type
page.
There are six pages in the Properties Notebook. All graphics window properties
are set or changed within these pages. The options are described below.

Graph Type Page

&= Graphics Plok: X vz 7

« Accept X Cancel |

Graph Type |Tit|e.-’LaI:ueI| Frame | TestBlocks | Axes | Border/Grid |

—Graph Type
= Longitudinal " Cross-Sectional " Intensity
~Longitudinal—— —Cross-Sectional——— rintensity————
X-Z FY-X CY-x X
Y

O Y-z © XK-X ! Delta - X _—

FK'-Z FYI'Y FX'-Y r'-Yl

£Y-2  Col |1_ —Animation —Animation———
 Ter-Z Huw;h_ I[T| Active [T | Active

Figure 8-6, Graph Type Page

3. Under Graph Type click Longitudinal, Cross-Sectional or
Intensity. This will activate the box(es) directly below.

4. Select the axes of your choice. The 6 main co-ordinate axes of

interest are X, X", Y, Y', A and Z. The co-ordinate axis T[c,t] refers
to the Cumulative Transport Matrix element located in the user-
defined Column (c) and Row (r).

5. Select Active in the Animation box (for Cross-Sectional and
Intensity Plots only) if you wish to see these transverse plots appear

15/10/98 V1.3



8.0 Graphics Management 75

as an animated movie using each slice in the beamline. Without
animation, you will see only one plot at the Z co-ordinate of the
Cross-Section Plot icon.

To keep your changes click the Accept button. To ignore them click
the Cancel button.

To go to a different page click the top page tab of your choice.

Title/Labels Page

Enter the graph titles and labels on this page.
&= Graphics Plot: X vz 72

X Cancel |

Graph Type  Tite/Label | Framel Test BI::u:ksI Axes I Eu:uru:ler.-"Griu:II

Title: Ix ve 7
X Label: Iz (m)
YLahel: Ix (mm)
Clear Text Boxes
Figure 8-7, Title/ Labels Page
8. To enter new text into all the text boxes, click the Clear Text Boxes
button.
9. Enter the graph title in the “Title:” text box. The title will be
displayed centered at the top of the graphics window.
10.  Enter the axes names in the X Label:’ and/or Y Label:’ text boxes.
These become labels to the appropriate axes in the graphics window.
11.  To keep your changes click the Accept button. To ignore them click

the Cancel button.
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Frame

Choose the position of the frame and the screen background color in this page.

&= Graphics Plok: X vz 7 =]

X Cancel |

Graph Type | TitledLabel Frame |Te:-ctBIu:u:ks| Axes I Eurderfﬁridl

Top: [125 Background Colo
" Black
= Silver
Left: Right:
[0 [4.875125

Apply Yalues Freeze Frame: [ aet to Defaults

Bottom: [-12.5

12.

13.

14.

15.

15/10/98

Figure 8-8, Frame Page

To set the frame display range enter your numbers or co-ordinate
choices into the ‘Bottom:, Left:, Top: and Right:’ text boxes. The
numbers correspond to the full extents of the plot being displayed.
For the example shown, the beamline went from Z=0 mm to
/=2.662625 mm, and the envelope extents were + or — 3.75 mm.
You may choose any co-ordinates you wish. And yes, you can zoom
using this feature.

To preview the frame display, click the Apply Values button. The
values are NOT applied to the real graphics display until you click
the Accept button.

To use the default values for the frame display click the Set to
Defaults button. It resets the four frame values to Bottom: -1,
Left: -1, Top: 1 and Right: 1.

To lock the frame display values and prevent accidental or
intentional changes to the text boxes click the Freeze Frame on.
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IMPORTANT! To set the window background color for screen
use, click Black. If you plan to print the graphics, click Silver. You
can then copy the graphics to the clipboard and paste into another
document knowing you will have a good print out with a silver

background.

To keep your changes click the Accept button. To ignore them click
the Cancel button.

Text Blocks

Text blocks or comments can be added to a graphics window 1n Longitudinal or
Cross-Sectional mode through the following notebook page.

&= Graphics Plot: X vz 72

X Cancel |

Graph T_I,Ipel TitIe.-"LaI:ueII Frame TextBlocks |.-'1‘-.:-:es I Eu:uru:ler.-"Griu:II

Index: ||]

Text:

¥ Coordinate | ¥ Coordinate

Index Text

=

X Coord: I % Coord: I

Add/Modify |

Remove | Clear All |

Figure 8-9, Text Blocks Page

The Text Blocks page 1s divided into two main sections. The upper section grid is
a display of all currently entered text blocks. The lower section edit boxes and
commands are used to enter any text you wish and to place it at the co-ordinates
of your choice.

18.

Click an existing item in the string grid to load its parameters into
the edit boxes.
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19.  Click Add/Modify to edit the currently selected text block.
20. Click Remove to delete the current selected text block.

21.  To add a new text block, click an empty row at the bottom of the
string grid. This will load an empty text block with a new index value
into the edit boxes. Then, enter all the required parameters and click

Add/Modify.
22, To clear all existing text blocks, click Clear All

23.  To save your changes, click Accept. To ignore your changes, click
Cancel.

Axes

Choose the axes color and location through this page.

&= Graphics Plot: X vz 72 |_ [O] x|
X Cancel |
Graph T_I,Ipel TitIe.-"LaI:ueII Framel Test Blocks Axes |E|:|r|:|er.-"l3riu:||
X Axis Type Y Axis Type
= AxisOff " Axig Off
= AxisMin = AxisMin
O AxisMax C AxisMax
& AxisCenter = AxisCenter
= AxisZero * AwicZero
—fxes Color
Red: |l] Green: |255 Blue: |255
Set to Defaults

Figure 8-10, Axes Page

24. Click one radio button under X Axis Type’ and one under Y Axis
Type’. Your choices are:

.« AxisOff - no axis appears.
« AxisMin - the axis appears in the minimum position — at the
bottom for an X axis and at the left for a Y axis.
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Border/Grid
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AxisMax - the axis appears in the maximum position — at the top
for an X axis and at the right for a Y axis.

AxisCenter - the axis always appears centred within the frame.
AxisZero - the axis appears at zero if the value zero is within the
frame. Otherwise 1t appears as AxisMin or AxisMax whichever side
of the frame is closest to the zero value.

To set the axes color, enter a value from 0 to 255 in each of the
‘Axes Colot’ text boxes. Both axes show the same colot. This color
1s a combination of the Red, Green and Blue values.

To use the default settings, click Set to Defaults. The default
settings are: X Axis Type — AxisCenter; Y Axis Type — Axis Zero;
Axes Colors — Red 0, Green 255, and Blue 255.

To keep your changes click the Accept button. To ignore the
changes click the Cancel button.

Add a border or grid to the graphics window through this page.

&= Graphics Plok: X vz 7
X Cancel |
Graph T_I,Ipel TitIe.-’LaI:ueII Framel T et BI::u:ksI fwes  BorderdGrid |
—Border Type——— —Grid Type —Grid Separation—
" BorderOQff ' GridOff
& BorderOn " GridOn
—Border Color————————— —iGrid Colo
' [15
Red: |255% Red: |HE
Green: |I] Green: |HE
Blue: |I] Blue: |HE
Set to Border Defaults Set to Grid Defaults

Figure 8-11, Border/ Grid Page
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28.  Click BorderOn to add a border. Click BorderOff to remove the
bordet.

The border is a rectangle around the area of the canvas that displays the
longitudinal, cross-sectional or intensity plots.

29.  Click Grid On to add a grid. Click GridOff to remove the grid.

The grid 1s a sertes of vertical and horizontal lines separated by the number of
pixels specified in the ‘Grid Separation’ text box.

30.  Under ‘Border Colot’ enter values from 0 to 255 for the Red:,
Green: and Blue: text boxes.

31.  Under ‘Grid Color’ enter values from 0 to 255 for the Red:, Green:
and Blue: text boxes.

The final color for the border or grid is a combination of the Red, Green and
Blue values.

32. To load the default values click either the Set to Border Defaults
button and/or the Set to Grid Defaults button.

33.  To keep your changes click the Accept button. To ignore the
changes click the Cancel button.
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Graphicz Plot: Intensity of X | _|O] =]
Properties ... F12 .
Clear Frame Diel IﬂtEﬂSlt}’
Clear &l Chrl+Del
v FRefresh Tag Ctrl+F
Freeze Frame  Chl+F
Expart Image 3
Export Inverted r
Print Image ... Chil+F
Print Setup ...
Frint Dptions r
i
33
i
-3A -3l -14 07  -00023 068 14 21 8

T (rum)

Figure 8-12, Border/ Grid Page

Place the cursor in either of the graphics windows and right click. This brings up
the pop-up menu. The pop-up menu contains all the global commands that apply
to the graphics windows.

Select:
Properties

Clear Frame

Clear All

To:
See section 8.2, this chapter.

Remove all points, lines and ellipses currently
stored within the window.

Remove the data that specifies how the
graphics windows look and reset to the window
defaults. There is a confirmation dialog box to
verify this action.
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Refresh Tag

Freeze Frame

Export Image
To File

To Clipboard
Export Inverted

To File

To Clipboard

Invert To Color/
B&W

Print Image

Print Setup

15/10/98 V1.3

Choose whether the next beamline run will

be drawn over top of the existing plot (Refresh
Tag is off) or whether the screen 1s refreshed
prior to each beamline run (Refresh Tag 1s on).

Freeze the frame display settings, Properties
Notebook.

Export the actual window image. ..

Save the 1mage as a newly named bitmap.

A save dialog box opens with a text box to enter
the new filename.

Copy the 1mage as a bitmap to the clipboard.

Export an mverston of the actual window image
save an inverted image as a newly named bitmap.
A save dialog box opens with a text box to enter
the new filename.

Copy the inverted image as a bitmap to the
clipboard

Toggle between the two options. If the caption
is "Invert to Color’ then a color approximation
of the mverted image 1s created. If the caption 1s
‘Invert to B&W’ then the 1mage is strictly black
and white.

Print the current window image according to the
specifications 1n the Print Setup and Print
Options. A print dialog box opens for you to
click the OK button.

Open the standard Windows Print Setup dialog
box.



Print Options
Stretch to Page

Expand to Page

Select Color
Color

Simulate Color

B&W

Landscape/
Portrait

Center Vertical

Center Horizontal
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Stretch the window 1mage to cover the entire
page print area. This does not maintain the
aspect ratio of the graphics window.

Expand the window image to fit into the print
area of the page while maintaining the aspect
ratio of the graphics window.

Select to make full color printouts on a printer.
Select to make black and white printouts. The
various colors are represented by different line
types.

Select to make black and white printouts. All
non-black components in the source graphics
window will be solid black in the final printed
image. The black background will be white in the
printed 1mage.

Switch between orientation landscape and
ortentation portrait. This is 1dentical to, and a
shortcut to, the standard Orientation item in the
Print Setup dialog box.

Specify whether the final image will be
top-justified or centered on the printed page.
This has no effect when Stretch to Page 1s
selected.

Specify whether the final image will be

left justified or centered on the printed page.
This has no effect when Stretch to Page 1s
selected.

8.4 Getting the Most from the Graphics Windows

ReFresh/Freeze Frame: Using these two propetties allows you to ovetlap
plots and to compare them. Toggle ‘ReFresh’ off and toggle ‘Freeze Frame’
on. This will tell the graphics window that you do not want it to refresh its plot
after the next runs, and that you do not want it to change the range for the X
and Y axes. The next plots will be on top of any plots that were there from
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previous runs. For example, you could plot a particle plot on top of an
envelope plot.

Animation: Both intensity and cross-sectional plots have the ability to
animate the dynamics of a multi-particle type beam from beginning to end.
Click the Animation check box at the bottom of the Graph Type page in the
properties dialog box. The next multi-particle plots of cross-sectional or
intensity type will no longer be at just one Z co-ordinate. They will now show
a plot at each Z co-ordinate along the entire beamline. This gives the effect of
looking at the beam as it comes towards you.

Graph Types: Try many different types. You might see something that you
would have otherwise missed.

Zoom: Another way to zoom in on a plot is to click on the plot inside the
border where you want the top left corner of the new plot to go. Then click
while holding down the SHIFT key for the lower right corner of the new plot.
A message box will appear asking whether you want to resize the plot to the
new ranges. If you answer YES, then the plot will be re-sized for the smaller
plot.
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9.0 Viewing Text Readouts

9.1 Collimator Window

When you run a multi-particle beam, use the Collimator Window to show the
beam spills in the system. The Collimator window shows total particle hits to the
apertures as a percent of all particles initially streaming through the beamline.

To access the Collimator Window click Window and select Collimator Window

| =z
| —

or, click
Window).

Collimator Window Show/Hide toggle (Base Application

Collimator Text Readout — In Real Time

: Collimator Text Readout M=] E1

Total System Loss: 12 :l

Mame: Default Aperture

Cx*% COLLIMATOR %> Top Readhbhack C: b =
(x*% COLLIMATOR %> Bottom Readhack ©C: 6
(% COLLIMATOR %) Left Readback C: B =
(% COLLIMATOR %> Right Readbhack C: B =
(= TARGET =) Percent Hitting Target T:= 88 =

[+

Figure 9-1, Collimator Text Readout — In Real Time

Within this program, all system apertures record beam spill. In practice, beam

pipes and vacuum boxes do not provide beam spill readbacks, whereas
collimators do.

15/10/98 V1.3



86 Using Beamline SimulatorQ

So that you can choose to set up a simulation exactly like your system, we
differentiate two types — those that record hits (readback) and those that don’t
(non-readback).

Note: you can still look at spills on apertures like beam pipes that in reality do
not provide spill readbacks. This 1s a handy feature.

Collimator Text Readout — Pop-Up Options

Collimator Text Readout

Total System Loss: 4.33 = :I

Mame: Spill Here

Cxx% COLLIMATOR ==) Top Readback C: A.88
(=x COLLIMATOR ==» Bottom Readback C: B.88 x
Cxx% COLLIMATOR =) Left Readback C: 3.67 =
Cxx% COLLIMATOR ==) Right Readback C: B.67 =
(¥% TARGET #=+=)» Percent Hitting Target T: ?25.67

Show Hon-FReadback

v Show Collimatars

Frirt.... Ctrl+P

Copy Chrl+C

Figure 9-2, Collimator Text Readout — Pop-Up Options

Select: To:
Show Non-Readback show/not show the beam spill for the
non-readback type apertures.

Show Collimatots show/not show the beam spill for all
readback type apertures.

Print... or Ctrl+P print the Collimator Text Readout Window.

Copy or Ctrl+C copy the Collimator Text Readout Window to
the clipboard.
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9.2 Beam Transport System (BTS) Text Window

To access the BTS Text Window click Window and select BTS Text Window or,

click BTS Text Window Show/Hide toggle (Base Application Window).
By selecting one of the four tabs at the bottom of the ‘Beam Transport System’
window, you can access the Beamline Elements page, the Beam Matrices page, the
Cumulative Transport Matrices page, or the System Waists page.

Each page has its own pop-up menu. To activate the pop-up menu place the
cursor over the text area on the page and right click the mouse. Common
printing features for all pages are the ‘Print...” and ‘Printer Setup...” menu
items.

Note: To view hidden parts of the window, use the scroll bars to move the text to
the right or left, up or down.

Beamline Element Properties

Beam Tranzport System Property Listings

—Beamline Element Properties
From Beamline File: D:sDCLSBeamline Simulation Software Delph;

Mame: BeamSource

Particle Energy: 29
Particle Mass:- 938.238721
Particle Charge: 1

Beam Type: Multi-Particle
Mumbher of Particles :@ 388

" : 3.3
- : B8.883
¥ : 2.8

" -
4| | ,

"% Beamline Elements ABeam Matrices 4 Curnulative Transport Matrices ASystem Waists /

Figure 9-3, Beam Transport Systens — Beamline Element Properties
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The Beamline Elements page shows a sequential listing of all beamline elements
with their properties. The beamline elements are listed in the same order as their
icons appear in the SBI Window.

A number of other options are available through the pop-up menu. To access
these options, right click the mouse while on the Beamline Elements page.
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Beam Transport System — Pop-Up Options

Beam Transport System Property Listings

—Beamline Element Properties

Mame: BeamSource

Particle Energuy: 29

Particle Charge: 1
Beam Type : Envelope
Percent Beam Enclosed: 78

3.3
ne a.883
¥ 2.8

1

From Beamline File: D:sDCL~Beamline Simulation Software Delph;

Particle Mass: 938.238721

Frint...
Frint Setup...

Quadrupales
Dipoles
Solenoid
Thin Lens
Crrift Lengths
Rotationz

Perturbations
Mon-Standard
Beam Constraints

L

Initial Beam Sethngs

*

Sumplectic Eotditiarns
Trangpart Matrices
v FParameters

Apertures , I

_"-,Beamline Elements 4 Bearn Matrices 4Cumulative Transport Matrices 4 Systern Waists |

Figure 94, Beam Transport System — Pop-Up Options

Select:

Print...

Print Setup
Quadrupoles
Dipoles

Solenoids

Thin Lenses

Drift Lengths
Rotation
Perturbations
Non-Standard
Beam Constraints
Initial Beam Settings
Symplectic Conditions
Transport Matrices
Parameters

Apertures

To:

view the print options.

choose the printer.

show/not show the quadrupoles.

show/not show the dipoles.

show/not show the solenoids.

show/not show the thin lenses.

show/not show the drift lengths.

show/not show the rotation elements.

show/not show the pertutbation elements.
show/not show the non-standard elements.
show/not show the constraint element.

show/not show the beam source element.

test the validity of the system (%o be implemented).
show/not show the matrix associated with each element.
show/not show the parameters associated with each
element.

show/not show the apertures.
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Beam Matrices

Beam Tranzport System Property Listings

—Beam Matrices

1.887A8BHE +B1
A . BHABWE +88
A . AAABAE +A8
A . AAABAE +Ba
A . 90AAANE +0a

H . B8HEBHUE +88
7 . HHHUBHE-B6
A .0AAARE +08
#.800AARE +B8
d.9080ANE +08

#.88aA8HUE +88
H.BHABWE +88
7. 848ABHAE +A8
A . 88ABARE +Ba
A . 908AANE +0a

1.891250E+01
4. 500080 E-041
A . B ABHE +88
A . HBHABWE +B8
A . AAABAE +B8

4.500000E-Q4
7 . I0AUAAE-B6
H . B8HEBHE +88
H . BHHEBYE +88
A .8080ARE +08

A . 88ABHE +B8
A . IAABNE +0a
7 . 85808HE +88
2 .HBHABUE-B4
A.988ABAE +B8

H . BHEBHE +88
H . B9HEBHE +88
A .80AAARE +08
4 . A0AHAAE A6
d.8000ANE +08

A .8000AHE +08
A . 0A0ANE +08
Z .9AgBHE-\B4
4 . HHHHHHE-B6
A .800AARE +08

H.8BanEE +
H. BB aHEE +
A.AAAAAE +
A.98AAARE +
1.225080E-

A . 88AARE +
A . AAAARE +
H.8BanEE +
H.HBHEHAE +
1.225080E-

£ =188 mn.
L] |

% Beanling Elements pBeam Matrices A Curnulative Transport Matrices 4 System Waists /

sl

Figure 9-5, Beam Transport Systems — Beam Matrices

The Beam Matrices page shows the beam matrix at each slice along the beamline.
Notice that the Z co-ordinate for each matrix 1s shown just above it.

WARNING: To ensure that all matrices are printed, you must limit the number
of slices through the beamline. If there are too many slices 1n the system, then a
huge file of matrices will be created and they may tie up your hard drive. It is
often best to double click on each icon in the SBI Window and to change the
number of slices to 1 per icon. In this way only one matrix 1s generated per icon
when the beamline is re-run. This often yields sufficient detail for analysis.
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Cumulative Transport Matrices

Beam Transport System Property Listings

—Cumulative Transport Matrices

From Beamline File: D:sDCLsBeamline Simulation Software Delph:j

1. AAEABAE +8Q
A . IAAABAE +8A
A . iBBABAE +80
A . iABABAE +80
H . HBBABEE +88

1880 mm.

5 . /AEBAHPAE +81
1 .AAEBWAE +8A
# . AEBBAE +80
# . AEBBAE +80
H. WHEBUBE +88

A . 9EBHAE +80
A . AABEBWAE +8a
1.9088HAE +80
A . 0EABAE +80
H . 3988U8E +88

1. AAEABAE +8A
A . AAAAAAE +8A
A . iABABAE +80
H . HHHABAE +8A
H . HBBABBE +88

1.PABBAAE +82
1 .AAAAAAE +8A
# . AEBBAE +80
H . HHHBUBE +88
d. 9EBUBE +88

A . AEBWAE +8a
A . AAAAAAE +BA
1.9088HAE +80
H . HHBUBE +88
H . 398BU8E +88

A . A8ABHAE +80
A . 8BHAE +80
5 .80BARE +@1
1.A808HAE +80
H . 39BH8E +88

A . 8BHAE +80
A . A8AAAAE +80
1.980880E +B2
1 .H80HBHBE +H8
H . 388BH8E +88

A . 8ABNAE +
A . A8AARAE +
A . 8BBNaE +
A . 8BBANAaE +
1 .8888H8E +

A . A8AARAE +
A . ABAANAE +
A . 8BANAaE +
A . 08B HAE +
1 .8888H8E +

o

[« |

4 Beamling Elernents 4 Beam Matrices 4 Cumulative Transport Matrices 4 Systern Waists [/

Figure 9-6, Beam Transport System — Cumnlative Transport Matrices

The Cumulative Transport Matrices page shows the cumulative transport matrix
at each slice along the beamline. Notice that the Z co-ordinate for each matrix is
shown just above it.

Again, this window cannot hold an unlimited amount of information. To ensure

that all matrices are printed you must limit the number of slices in each element
along the beamline.
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System Waists

Beam Transport System Property Listings

Enter Beam Matrix Epzilon for W aists: Il].l]

—Syztem Waists
From Beamline File: D:s\DCL~Beamline Simulation Software Delph:l

[Menu item not selected ... Copy A4l Test

Pt
Print Setup...

.
1| | 9

4 Beamline Elements 4Bearn Matices ACumulative Transport Matrices hSystem ‘Waists f

Figure 9-7, Beam Transport System — System Waists

The system waists page lists all beam waists found along the beamline. A beam
waist occurs whenever the xx' or yy' beam ellipse 1s upright (not tilted). The
narrowest portion of an x vs z or y vs z longitudinal beam envelope is always at a
beam waist. From a computational point of view a horizontal axis beam waist
occurs when the beam sigma matrix elements 0, = 0,, = 0. A vertical axis beam
waist occurs when O, = 0,, = 0. Since 1t 1s unlikely that these off-diagonal
elements will be exactly zero, you are asked to enter a value for epsilon. If the

absolute value of 0, = 0,, or O,,= 0, 1s less than epsilon then a waist has been
found.
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10.0 Command & Tool Reference

10.1 Document Definitions

This section includes some of the generally accepted terminology for a graphical
user interface (GUI). The first part covers some of the action terminology like
what to do with the mouse to drag-and-drop an object, and the second part deals
primarily with descriptions of actual GUI objects.

Cursor Actions

Click

Double Click

Right Click

Select

Drag and Drop

Means to press and release the left mouse button. You
should hear 1 click.

Means to press and release the left mouse button two
times in quick succession. The second actton must
happen within one half a second of the first. You
should hear 2 clicks.

Means to press and release the right mouse button.
You should hear 1 click.

Means to press and release the left mouse (just like
click) but in this case you will be choosing one item
from a menu list.

Is used to move an object from one location to
another. Click the object and hold the mouse button
down. Then move the object by moving the mouse.
To drop the object, release the mouse button. You
should see an action when you drop the object. If no
action is visible then try again. All of our objects show
that they are ready to receive another object by
highlighting themselves. For example, the garbage can
will light up with a violet frame when it 1s ready to
delete a beamline icon. If done correctly, the garbage
can will go through an animation sequence to show
that 1t did receive the element, and deleted it correctly.
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Software Terminology

Application

Button

.................................

..................................

Drop-Down Combo Box

e .
ectron

Fields
Default Quad

Fly-Over Help

|Garbaqe Beamline |

15/10/98 V1.3

An Application 1s an abstract object that manages all
the files, documents, windows, and user commands.

A Button executes an action in one step. As in the real
wortld, when you press the Coke button on a pop
machine you get a Coke.

A Dialog Box maintains a dialog between the user and
the object the user 1s modifying. The dialog box
enables the two to exchange data. An example is the
dialog you might have with a Quadrupole element,
through its form fill-in dialog box.

The Drop-Down Combo Box only allows certain
items to be entered into its edit box. These specific
items are contained in a drop-down menu that 1s
displayed when the user clicks the down arrow with
the mouse pointer. Select one of the items for the edit
box.

Fields are edit boxes that can be modified by both the
user and the application. Usually there are default
values entered in these boxes to help the user.

Fly-Over Help hints appear when the mouse pointer 1s
over a button, an icon or other feature. The hint will
usually explain an action or show a name. Check the
garbage can in the SBI Window. The fly-over help
reads, ‘Garbage Beamline Elements’.



Grid

Hotkeys - Menu Item

Hotkeys - Real Time

Icon

&

Menu Bar
Fig Edt Wndow RunOphons Hel

Radio Button

" Yary

Scroll Bar

[« L3
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A grid contains different kinds of information in each
cell depending on the meaning of the row and
column. Title bars, if used, are the static bars at the
top and left of the grid. In our grid example, the very
top left cell is the current cell and the top row is
selected. To select a row, click any cell in the row to
make 1t the current cell. Important! Within our grids,
columns can never be selected.

These keys allow quick access to pop-up or main
menu functionality such as ALT-F to get to the file
menu in the Base Application Window.

These keyboard keys are constantly scanned by the
SBI Window application. When one of the hotkeys 1s
pressed then the value of one beamline element
parameter 1s varied. The run algorithm simulates the
changes made to the beam as the parameter value 1s

changed.

An 1con 1s a picture that looks like the object it
represents. An icon 1s used to graphically show where
an object 1s located on the screen.

A menu bar holds a series of menus. To view one of
the menus (for example the file menu), click on the
word File, and down drops a list of menu items to
choose from.

A radio button is either marked or unmarked. Some
groups of radio buttons are programmed so that only
one radio button in the group can be marked at a time.

A scroll bar 1s used to scroll the picture in a window
so that the part of the picture you wish to see comes
into view. There are three ways to use a scroll bar: one
way 1s to click on the arrow buttons to scroll in the
direction of the arrow, a second way is to drag the
middle bar in the direction that you want to scroll, and
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a third way is to click on the part of the scroll bar
contatner that does not contain the scroll bar. It will
scroll the window 1n that direction with a big step size.

Window
: Resources _ (o] x|

A window 1s an object that encompasses a view of the

Total UnComumitted: 848 KB underlying picture such as the Resource Window.
Total Address Space: 2048 KB

Total Allocated: 1125 EB

‘ TIME: 9:44:57 ‘

10.2 General Window Functionality

" Beamline Simulator - BEAM1.BLN

HEestore n Option:  Help
Move
Size I]||E| ‘3'|
inimize

hiEwmEE 1

LClose  Alt+F4 ‘

—_
i
i

Kh|[]x[]|| Longitudind I Longitudingd IStatus:Idle...

Control Menu

Figure 10-1, Control Menn

Control Menu

To access the control menu, click the icon in the top left hand corner, Base
Application Window. This brings up the pop-up menu.

Restore Restores the window to the size it was before you
minimized it.

Move Allows you to move the window with the mouse.

Size Allows you to re-size the window with the mouse.
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Maximize

Close Alt +F4
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Minimizes the window to an tcon.

Maximizes the window to use the full screen.

Closes the window.

Common Window and Dialog Box Attributes

Cancel Button
x Cancel

i

Close Window Button

*

Help Button
7 Help |

Maximize Button

O

Minimize Button

OK Button
v 0K

Window Title Bar

This button is used to cancel any changes made to the
window — without saving them.

This button 1s used to close the window. If you click
this button 1n the Base Application Window, the entire
application will terminate.

This button displays the help information assoctated
with the window.

This button 1s located at the top right corner of the
window and is used to maximize the window.

This button 1s located at the top right corner of the
window and is used to minimize the window.

This button is used to accept and save the changes to
the window.

This is the top bar in the window and displays the title
of the window. It is also used to move the window
with the mouse.
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10.3 Base Application Window

{~ Beamline Simulator - BEAM1.BLN

File Edit ‘Window Hun Options Help

=S

&| b1 =] & |

m|[]x[]" Longitudingl I Longitudingl IStatus:IdJe... |

Figure 10-2, Base Application Window

The menu bar contains most of the general functionality for the application.
Specific pop-up menus and menu items are discussed below.

FEile Menu

{~ Beamline Simulator - BEAM1.BLN

Edit Window Fun Optiohs  Help

Hew el | El & | Tk m| []x[]” Longitudinad Longitudinad IStatus: Ide...
QOpen Chrl+0
Save Ctil+5
Save Az
Bt [Etl+E
Britit Prewiets
Erint Setum,..
Exit
Figure 10-3, File Menu

New Cirl+N Creates a new beam transport system document. If the
current beamline file has not been saved since a
modification, then a Save Confirmation dialog box will
appear to ask whether the current file should be saved
or not.

Open Ctrl+0O Opens an existing document from any drive. This 1s
done through a dialog box. If the current beamline file
has not been saved since a modification, then a Save
Confirmation dialog box will appear to ask whether
the current file should be saved or not.

Save Ctrl+S Saves the current active window data.

Save AS ... Saves the current document with a user specified
filename. This is done through a dialog box.

Exit Exits the application. If the current beamline file has
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not been saved since a modification, then a Save
Confirmation dialog box will appear to ask whether
the current file should be saved or not.
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Print .. Ctrl+ P, Print Preview and Print Setup have yet to be implemented
under the File menu. Don’t worry. You can print from many of our screens. See
Chapter 8.3 Graphics Pop-Up Menu for printing the graphics window plots, and
Chapter 9.1 and Chapter 9.2 for printing the Collimator Text Readout and the
Beam Transport System Text Windows respectively.

Edit Menu
" Beamline Simulator - BEAM1.BLN
File Window  Bun Options  Help
QI Ezfﬂy E:::fé ZI| Iﬂl :lﬁk| £§| Kl:| []I[]” Lengitudingl Cices. Sectiond IStatus:IdJe...
Baste (Sl
Figure 104, Edit Menu
Cut Ctrl+X Cuts a beamline element from the SBI Window to the
Clipboard. To be implemented.
Copy Ctrl+C Coptes a beamline element from the SBI Window to
the Clipboard. To be implemented.
Paste Ctrl+V Pastes a beamline element from the Clipboard to the

SBI Window. To be implemented.

While not functional in the base window, these edit actions can be accomplished
from within specific windows.
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Window Menu

" Beamline Simulator - BEAM1.BLN

File Edit @00 Eun Options Help

(e Eraphies S am.
0| & l BTS Text \Windaw

Collimator T et window
Wary Parameter Windaw
BRezource Window
Matrix Calculator

Lative wWitder Ut

Ievirangement
[Hpem Amargenent...
Srawe Se STangEmEnt. .

[]I[]I Longitudingl Croes- Sactonal IStatus:IdJe...

New Graphics Window ...

BTS Text Window

Collimator Text Window

Vary Parameter Window

Resource Window

Matrix Window

Figure 10-5, Window Menu

Creates a new type of graphics window. To be
tmplemented.

Will show/hide the Beam Transport System Text
Window. For more information see Chapter 9.

Will show/hide the Collimator Window. For more
information see Chapter 9.

Will show/hide the Vary Parameter Window. For
more information see Chapter 10.5 Vary Parameter
Window.

Will show/hide the Resource Window. For more
information see Appendix B.

Will show/hide the Matrix Window. See
Appendix B.

The Active Window Options — New Arrangement, Open Arrangement, and
Save As Arrangement may be implemented in the future.
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The Run Options Menu changes the behavior of the run algorithm depending on

what is selected.

f Beamline Simulator Software - Samplel_bin

File  Edit ‘wWindow S0l Help

ol E e Particle Calar...

Solve For Constraints

Longituding Cross-Sectona ktatus: Idle...

Detect Systerm Waists

Cumulative Transport M atrices

v Llip Particles
Sawe Particles

v Show Particles

v Show Apertures

Showe - SBIW |con Mames

Particle Color

Color ¥ary Parameter

X
Y
X
oy
" Delta
' Mone

x Cancel

2|

? Help

M aximum

Detect System Waists

Solve for Constraints

Figure 10-6, Run Options Menu

Provides a third dimension in the graphics plots by
using particle color. This option 1s for multi-particle
runs only. Click Particle Color to bring up the Particle
Color Variation dialog box. Choose any of the five
axes as the varying parameter. The parameter 1s then
divided into eight ranges with a color assigned to each
range. The color square next to the Maximum label will
be assigned to a particle that has a value within the top
eighth range of the color vary parameter. To change
one of the colors in the squares, click on the square. A
color selection dialog box appears and you may click
on the color you prefer to use. Then click the OK
button.

Toggles the System Waists function on and off. If this
function 1s not needed then leave it off. The program

will run slightly faster.

Toggles the constraint algorithm on or off. When on,
the algorithm will try to solve for user specified
contraints 1n the next run.
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Cumulative Transport
Matrices

Clip Particles

Save Particles

Show Particles

Show Apertures

Show - SBIW Icon
Names

15/10/98 V1.3

Toggles the Cumulative Transport Matrices on or off.
When off, the System Metrics element displays only
the 1dentity matrix for the Cumulative Transport
Matrix and the BTS Text window displays no matrices
on the Cumulative Transport Matrix page. This option
was implemented because some of the older
computers showed a noticeable improvement in
calculation speed if the cumulative transport matrices
were not calculated.

Toggles particle clipping on or off. When on, the
particles will be clipped by the boundaries set up by the
apertures. Even when Show Apertures is off, the
particles will not be allowed past the aperture
boundaries. Important! This option must be on to
get accurate readings in the Collimator window.

Toggles the Save Particles feature on or off for both
graphics windows. When on, the particles are saved so
that the windows can be resized (to show bigger or
smaller plots) without having to redo the run. When
toggled off, the particles are lost if a graphics window
1s re-sized. You then need to do a new run. The
advantage to leaving this feature off is that the run 1s
faster.

Toggles the ‘Show Particles’ for the graphics window
on or off. When on, the particles will be shown during
a multi-particle run.

Toggles the apertures in the graphics window on or
off. When on, the apertures will appear in the next run
as green lines in the graphics plots.

Toggles the names for the elements in the Sequential
Beam Icon Window on or off.
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Help Menu

" Beamline Simulator - BEAM1. BLN

Flle Edit Window Bun Options Hv-I|:

B| E'| E|| ‘_‘&l |I|| E |—|'A'bm0:;t—|-ll | []I[]” Longitudina Croes-Sactionad Ftatus: Idle...

Figure 10-7, Help Menu

About ... Displays information about the Beamline Simulator
application such as date of creation and copyright.

10.4 Toolbar

The Toolbar buttons are one-step action initiators for some of the menu items
found on the Main menu bar.

Speed Buttons

New Creates a new beam transport system.
k]|
Open Opens an existing beamline system on disk.
(==
Save . Saves the current beamline with the current file hame
E and drive.
Save As .. . Saves the current beamline with a new filename.
&
Test | Opens a file in the current file directory called
@ TEST.BLN .
Run Initiates the run algorithm.
]
Stop Stops the run algorithm at any 1teration during a multi-
IE particle run or constraint algorithm run.

15/10/98 V1.3



104 Using Beamline SimulatorQ

Window Show/Hide Buttons

Vary Parameter
Window Toggle

.
AT

44

Collimator Window
Toggle

=&
—_
—_—

Resource Window
Toggle

Eh

Matrix Window Toggle

i

Graphics Window#1
Toggle
Longitudinal: ¥2

Graphics Window #2
Toggle

Croes-Sectiond

Status Bar
Statas: Idle...

15/10/98 V1.3

Opens the Vary Parameter Window and brings 1t to
the forefront ahead of all other windows, ot closes and
hides it.

Opens the Collimator Window and brings it to the

forefront ahead of all other windows, ot closes and
hides it.

Opens the Resource Window and brings it to the
forefront ahead of all other windows, or closes and

hides it.

Opens the Matrix Window and brings it to the
forefront ahead of all other windows, or closes and

hides it.

Opens Graphics Window #1 and brings it to the
forefront ahead of all other windows, or closes and

hides it.

Opens Graphics Window #2 and brings it to the
forefront ahead of all other windows, or closes and

hides it.

Displays the status of the software.
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10.5 Vary Parameter Window

Wary Parameter

4
<|+}E|+|;.
K3

Figure 10-8, Vary Parameter Window

The Vary Parameter Window 1s used for hands on tuning of one beamline
element at a time.

E 1s a conveniently located run button. It works exactly like the one on the

Toolbar.

Use |E to expand the window to include information on the current element,
vary parameter and parameter value.

To use the Vary Parameter Window:

1.

Decide which beamline element parameter you wish to vary and
then double click that element icon in the SBI window.

Click the vary radio button beside the appropriate parameter.
Click OK to accept the changes and close the dialog box.

Click your chosen element to ensure that it is the current element in
the SBI Window. There should be red bars above and below it.

k

q4-kp

Click (Base Application Window - Toolbar) or select Vary
Parameter Window under the Window menu (also in the Base
Application Window). This brings the Vary Parameter Window to
the center of the screen.

Click one of the up or down arrow buttons to vary the chosen
parameter. The blue arrow takes a big step and the red arrow takes a
smaller step. The step sizes are set in the Constraint Form Fill-In
Variable Parameters dialog box. See Chapter 6.4, Applying

Constraints.

Watch the graphics plots to see the changes that take place.
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8. To move to the next element with a variable parameter, use the left
or right red arrows.

10.6 Sequential Beam Icon Window

Sequential Beam lcon Window

H V Cross | [ERETRRTH
Dirifk Dirifk Clrifk Crifk Crift ;;iiem Sect 3 ]
Lzngth Lzngth Lzngth Lzngth Langth Tl ekrie = Epml.tm

i 5 10
BeamSc| Dritl | Dipole | Dritz | Quadi !JDriﬂB | Quadz | Dritd4 | Drit5 | System | Plotsa | Cnstnt |

Figure 10-9, Sequential Beam Icon Window

The Sequential Beam Icon Window (SBI Window) is always found at the bottom
of the screen. This is where you will spend much of your time. The SBI Window
1s used to arrange the beam transport system elements 1n a sequence (or a string
of icons from left to right) as they would appear in a real system. All the icons
placed in this window come from the SBI Window’s pop-up menu.

SBI Window Features

Apertures Button The Apertures button brings up a dialog box
containing mformation related to the apertures
(physical beam pipe, collimators and vacuum boxes).
See Chapter 7.1, Apertures Button.

Beam Source Icon The Beam Source 1con 1s always the first icon 1n the
beamline sequence. Click this icon to bring up the
@ Beam Source Form Fill-In dialog box. It contains all
that you need to simulate a real beam source. See
Chapter 5.1, Beam Source Form Fill-In.

Constraint Icon Place the Constraint icon at any point in the beamline
where you must meet a beam or transport matrix
constraint. Typically the Constraint icon 1s left at the
end of the beamline to enable the user to constrain the
beam size to fit the target. See Chapter 6.4 , Applying
Constraints.
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Cross-Section Plot Icon The placement of the Cross-Section Plot icon

_ross
{5ection
Plot

Dipole Element

n'a

Drift Length Element

OriFt
Lzngth

End Run Icon

Garbage Can

Get System Metrics
Icon

Get
Spctem
[l riz 2

determines where all cross-sectional and/or intensity
plot data will be generated. The Cross-Section Plot
1icon can be placed at any location along the beamline’s
Z axis. See Chapter 7.2, Cross-Section Plot Icon.

The dipole element represents a dipole magnet. A
dipole magnet i1s normally used to cause a charged
particle beam to be transported along a curved
trajectory. See Chapter 6.3, Specifying Parameters for
Elements.

The Drift Length element represents a region of the
beamline where the beam drifts through zero applied
tields. For example, the spaces between magnets are
usually drift spaces. See Chapter 6.3, Specifying

Parameters for Elements.

The End Run icon 1s used to stop the run algorithm at
a desired Z co-ordinate. It is used only for multi-
particle beams and may be placed at any location in the
beamline along the Z axis. See Chapter 7.3, End Run
Icon.

Drag and drop beamline icons (or elements) into the
Garbage Can. You've successfully deleted an icon
when the garbage can becomes animated.

When you place a Get System Metrics icon you are
asking for measurement information about the beam
half-sizes, the cumulative beam sigma matrix, the
cumulative transport matrix and the particle vector co-
ordinates. This data is generated at the Z co-ordinate
where the icon is located 1 the SBI Window. Any
number of Get System Metrics icons can be used. See
Chapter 7.4, Get System Metrics Icon.
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Hot Keys
83 I) K3 M’ L)J

Icon Activation

Non-Standard Element

1...n

Perturbation Element

Fieam
Furturbation

Position Tags

o]
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The hot keys are used to manually tune the variable
parameter for the current element. They work in much
the same way as the arrows in the Vary Parameter
Window.

8 is a big step up.

M is a big step down.

I is a small step up.

K 1s a small step down.

L activates the next icon to the right with a varted
parameter.

J activates the next icon to the left with a varied
parameter.

The step sizes are set in the Constraint Form Fill-In
Variable Parameters dialog box. See Chapter 6.4
Applying Constraints.

Red colored bars at the top and bottom of an icon
indicates that it 1s the current icon. This also indicates a
connection to the hotkeys.

The Non-Standard element represents a non-standard
steering or focusing component in the beamline. The
transport matrix for the non-standard optical
component must be numerically determined by
specialised programs. See Chapter 6.3, Specifying
Parameters for Elements.

The Perturbation element is used to represent
translational or angular displacements of the beam.
These displacements may be inherent in the source
beam or introduced by a steering magnet. See Chapter
0.3, Specifying Parameters for Elements.

A position tag is placed at intervals along the beamline
to indicate the positions of icons or elements. The
position tags are placed after every 5 icons so they read
0, 5, 10, etc.



Quadrupole Element

&

Rotation Element

Figkation

o

Solenoid Element

L

SBI Window
Clipboard Viewer

Fi-k
Lzrqth

Scroll Bar

EEE B

Thin Lens Element

+

Vary Tags
vl

Making an Icon Current
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The Quadrupole element represents a quadrupole
magnet. A quadrupole magnet 1s used for focusing a
charged particle beam. See Chapter 6.3, Specifying

Parameters for FElements.

The Rotation element 1s used to represent systems
where the elements are rotated with respect to the
horizontal and vertical axes. See Chapter 6.3,
Specifying Parameters for Elements.

The SOLENOID element represents a solenoid
magnet.

Move the mouse pointer over top of the clipboard
viewer to see the name of the element that 1s on the

clipboard.

By default, the scroll bar is mactive and mnvisible. When
there are too many icons to be contained in one
window the scroll bar 1s used to bring the desired icons
into view.

The THIN LENS element represents an ideal focusing
element.

A vary tag is placed at the bottom of an icon to
indicate an icon with a varying parametet.

The current or selected icon in the SBI Window has the red bars above and below it.
When cutting and pasting icons and when using the Vary Parameter Window, it 1s
important to be aware of which icon 1s current. The Vary Parameter Window
adjusts parameters for the current icon only.
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To make an icon current:

1.

Place the cursor over the icon and click.

Inserting Icons

To insert a new icon:

1.

2
3.
4

Place the cursor in the gray area of the SBI Window.
Right click the mouse to view the pop-up menu.
Click the ELEMENT NAME of your choice.

Move the cursor to the desired location in the SBI Window and click
to insert.

Cutting and Pasting Icons

To cut and paste an existing icon:

1
2
3
4.
5
6

In the SBI Window, click the icon you wish to move.
Place the cursor in the gray area of the SBI Window.
Right click the mouse to view the pop-up menu.

Click CUT.

Again, right click the mouse to view the pop-up menu.

Click PASTE. The element is always inserted after the current icon.

Note: any icon that you handle, e.g., insert, cut and paste, drag and drop or left
click becomes the current icon.

Rearranging Icons by Drag and Drop

To drag and drop an 1icon:

1.
2.

15/10/98
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Click the icon and continue to hold the mouse button down.

Drag the cursor across the SBI Window and watch the purple bars
move with you. When you reach the new location release the mouse
button. The icon will drop into place.
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3 Ways to Delete an Icon

To delete an icon:

1.
2.

Click the icon to make it the current icon.

Press the Del key. The garbage can (upper left corner of the
SBI Window) will become animated to show that the icon has been
deleted.

OR
Click the icon and continue to hold the mouse button down.

Drag the cursor to the garbage can and release the mouse button.
The garbage can will become animated to show that the icon has
been deleted.

OR
Click the icon to make it the current icon.

Right click the mouse to view the pop-up menu.
Click DELETE ELEMENT.

Specifying Parameters for Elements

To define or change a parameter for any element in the SBI Window:

1.

2
3.
4

Double click the element icon to view the Form Fill-In page.
Click inside the parameter box or on a radio button.
Type in the new parameter.

Click OK.

Using the Form Fill-In pages you can easily define each element in a different way
— no matter how many elements there are.
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Appendices

Appendix A ... Units of Measurement

These are the units used throughout the software.

Optical Parameters Beam Half-Sizes
Field Strength: kilo Gauss (kG) X: (mm)
Current: Amps (A) X" radians (rad)
Length: millimeters (mm) 0 xx": tilt angle of the horizontal phase ellipse
Angle: degrees in degrees
Y: (mm)

Y": radians (rad)
0 yy": tilt angle of the vertical phase ellipse in
degrees

A, delta: percent (%)

Particles Graphics Plots

Particle Enetrgy: (MeV) Z:: meters (m)
Particle Mass: (MeV)

Appendix B ... Utilities

Resource Window

b

The resource window shows how memory is allocated to the software. “Total Address Space
shows how much memory the entire application is using. “T'otal Uncommitted’ shows how
much of the total address space can still be used. “Total Allocated’” shows how much physical
memory the software is using. “I'ime’ 1s also displayed. Features in this window are updated

every second.
! Rezources [ =] |

Total UnCommitied: 248 KB
Total Address Space: 2048 KB

Total Allocated: 1125 EB

TIME: 9:44:57

Appendix B, Resource Window
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Matrix Testing Window

This matrix window was used to test the software and has been left in as a matrix multiplication
utility. You can multiply A and B matrix together in a number of ways. The first step is to edit
the A and B matrices with matrix element data. After the numbers are entered and the desired
matrices are ready to be multiplied, click the Calculate button and the results are put into the
respective resultant matrices. The resultant matrices are: AB, BA, A", and ABA".

MatnxTestingForm |

Calculate

A B
10 0 0 0 0 R - 0 0 0 :
1] 1 1] 0 0 0 0 1 0 1] 0 1]
0 o 1 o 0 o 0 o 1 0 o 0
0 o 0 1 0 o 0 o 0 1 o 0
1] 0 1] 0 1 0 0 0 0 1] 1 1]
0 o 0 o 0 1 0 o 0 0 o 1

AB B[A Transpose]

_ o 0 o 0 o o 0 0 o 0
0 1 0 o 0 o 0 1 0 0 o 0
1] 0 1 0 0 0 0 0 1 1] 0 1]
0 o 0 1 0 o 0 o 0 1 o 0
0 o 0 o 1 o 0 o 0 0 1 0
0 0 0 0 0 1 0 0 0 1] 0 1

A Transpose AB[A Transpose]

0 0 0 0 0 0 0 0 0 0
0 1 0 o 0 o 0 1 0 0 o 0
0 o 1 o 0 o 0 o 1 0 o 0
0 0 0 1 0 0 0 0 0 1 0 0
0 o 0 o 1 o 0 o 0 0 1 0
0 o 0 o 0 1 0 o 0 0 o 1

Appendix B, Matrix Testing Window
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Appendix C ... System Requirements

CPU

Hard Drive
Memory
Mouse
Keyboard
Video Board

Operating System(s)

Minimum
1486 — 66 MHz
20 Mb free

8 Mb
Required
Required

1 Mb
Windows 95

Appendix D ... Customer Support

Suggested
Pentium — 166 MHz
60 Mb free

32 Mb

Required

Required

2 Mb

Windows 95 or
Windows NT

If you are a registered Beamline Simulator user you are entitled to certain customer support
services which are explained in this appendix.

Registration

To register Beamline Simulator, fax or mail your completed registration form to the
contact number or address listed below.

Customer Service & Technical Support

If you need more imnformation about Dehne/ Consulting Itd. products and services or if
you require technical support, contact Dr. Morgan Dehnel at:

Telephone:

1 (250) 352-5162
1 (250) 352-3864

e-mail: mdehnel@wkpowerlink.com

You may also write to us at:

15/10/98 V1.3

Dehnel Consulting 1td.
PO Box 201
Nelson, BC Canada V1L 5P9
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Appendix E ... lon-Optics Technical Notes

The appendix gives an overview of charged particle optics and a so describes a number of common ion-optical
elements.
E.1 CHARGED PARTICLE OPTICSAND TRANSPORT

A large number of charged particle beam transport systems have been built over the past fifty years,
and so it is not surprising that there are a number of good books and papers describing such systems [1 - 13].
Charged particle transport systems are typically designed to guide an input charged particle beam to the exit of
the transport system with minimal particle loss and without degradation in beam quality. In addition, specific
optical properties may be forced upon the beam during transport to enhance the usefulness of the beam upon
exiting the system.
E.1.1 PHASE SPACE

A good description of phase spaceis given by Banford [2]:

"Consider a particle moving in a three dimensional Cartesian coordinate system 0x, Oy, Oz. For present purposes a particle
is completely specified if we know whereit is and where it is going, that is to say we require to know the three coordinates
X, ¥, z and the three momentum components py, Py: Pz- All this information can be represented by the position of a point in

asix-dimensional space with coordinatesx, y, z, py, Py: Pz This six-dimensional space is known as phase space.”

A representative ion which has just been extracted from an accelerator is located in phase space, and
as it proceeds through the transport system (beamlineg) it describes a curve in phase space. Similarly, each of
the beam’s ions can be represented by a point in phase space, and beam transport can be considered to be the
manipulation of the finite region occupied by these points in phase space.

Having introduced the concept of phase space, it is now prudent to introduce Liouville’s theorem. The
ramifications of this theorem affect nearly all aspects of charged particle transport. As presented in [2], the

theorem states that:

"Under the action of forces which can be derived from a Hamiltonian, the motion of a group of particles is such that the
local density of the representative points in the appropriate phase space remains everywhere constant.”

The consequence of this theorem is that if satisfied, the hypervolume of the region occupied by the
beam in phase space is conserved. The orientation and shape of the beam region may change throughout the

transport process. However, if a particular phase space dimension of the beam shrinks, one or more of the other
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dimensions grows to maintain the hypervolume occupied by the beam. Often the hypervolume of the beam in a
lower dimensional sub-space is also conserved during transport. This occurs when the motions of the particles
in the sub-space are independent or uncoupled from their other phase space dimensions. In fact, alarge number
of transport systems are designed such that the (x, p), (v, py) and (z, p,) sub-spaces act independently of each
other.

Transport systems are usually designed to ensure that Liouville’s theorem is applicable. A
Hamiltonian can be written for any charged particle beam acted upon by forces arising from external
macroscopic electric and/or magnetic fields. For such beams, the theorem applies. However, if particles are lost
from the beam due to collimation, if interactions with targets occur, or if synchrotron radiation is emitted by
the beam, the theorem does not apply [14]. Although a Hamiltonian in a higher dimensional space can be
found, in principle, for electrostatic interactions between individual charged particles within the beam (space
charge) [2], we limit ourselves to six dimensions. Within this six dimensional space, the beam does not adhere
to Liouville’s theorem for space charge interactions.

E.1.2LINEAR CHARGED PARTICLE TRANSPORT
E.1.2.1 Coordinate System

A fixed (x, y, z) coordinate system is of limited utility for most transport systems. The mathematical
expression for the trajectory of an individual particle becomes extremely complicated in all but the simplest
transport systems when a fixed coordinate system is used. The coordinate system which is best suited to
describing charged particle trajectories is the curvilinear system illustrated in Figure E.1. This is an orthogonal
right-handed coordinate system which moves with an ideal mono-energetic charged particle along the central
trajectory of the transport system. The unit veet@ the coordinate tangential to the central trajectory and in
the direction of motion. The transverse coordinatesidy measure the displacement of a particle from the
central trajectory. It is usual forto be the coordinate in the lab horizontal planeyatm be the coordinate in

the lab vertical plane.
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ARBITRARY
TRAJECTORY

A CENTRAL
- TRAJECTORY

0
Figure E.1: The curvilinear coordinate system.

The commonly used TRANSPORT [8] formalism for describing charged particle transport utilizes the
curvilinear coordinate system described above. The full description of the six coordinates in TRANSPORT's
version of phase space are as follows:

* x = the horizontal displacement of the arbitrary trajectory or ray with respect to the central trajectory.
* X =the angle the arbitrary ray makes in the horizontal plane with respect to the central trajectory.

« y =the vertical displacement of the arbitrary ray with respect to the central trajectory.

ey’ =the angle the arbitrary ray makes in the vertical plane with respect to the central trajectory.

e | = the path length difference between the arbitrary ray and the central trajectory.
» 0 =the fractional momentum deviation of the ray from the central trajedip/g(y;).

The momenta in Banford’s description of phase space are not explicitly used here. However, they are included
in the sense that the angular divergence of a particle relative to the beam axis (x' = dx/dz, and y' = dy/dz) is
equal to the ratio of transverse and axial momenta.

The path length difference associated with arbitrary trajectories is usually of no consequence in
industrial beamlines. Thus, phase space from this point hence will be limited to the five dimensions (x, X', v,
y',0). As is shown in [2], Liouville's theorem still applies in this lower dimensional phase space.

E.1.2.2 Linear Transport Matrices
Charged particle transport can be simplified to a process of matrix multiplication as developed by

Brown [10]. The particle’s coordinates are contained in a column véGtor (xq, X1, ¥q, Y1, 87). The

subscript 1 indicates that the transverse coordinates are with respect to the curvilinear coordinate system at
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some position 1 along the central trajectory within the transport system. Similarly, the particle’s coordinates at

some position 2 along the central trajectory are KeF (X, X5, Yo, ¥, 8,). The goal in charged particle
transport is to be able to calculate a particle’s coordinates at 2 kn#wiagd the linear transport matii .
The matrix R, provides a very good approximation to the optical transformation that occurs between

positions 1 and 2. The multiplication that is performed is as follows:

The standard linear transport matrices used in the Beamline Simulator can all be derived using theory
based on mirror symmetric magnetic systems. The derivation of these matrices starts, for a particle of mass m

and charge g, with the Lorentz equation

dp _ d(mv)

dt dt

= q(v x B), (E.2)

wherep is the momentuny is the velocityB is the magnetic flux density, and t is time.
By breaking this equation into its constituent (x, y, z) components, changing the variable of
differentiation from time to distance along the trajectory, and performing some algebraic manipulation as done

in [10, 14], one arrives at the following two equations
"no— q 12 12 N 12 1
X" = =41+ X +y°[xyB, - (1+x°)B, +YyB,] (E.3)
P

y - X'B,1, (E.4)

yn - g 1 + X12 + y12[(1 + yrZ)BX _ XryrB
P

where primes () indicate differentiation with respect to distance along the trajectory. As yet, no simplifying
assumptions have been made. Therefore, equations E.3 and E.4 are valid to any order.
In solving equations E.3 and E.4 for the linear case, one makes the paraxial ray approximation which

removes terms of order higher than x' and y'. To tailor the equations to describe transport through a particular
device, one uses the appropriate magnetic field expansion for the device to substitute for the veqjaikyes (B
B,). The simplest example is the case of a field free region, which is known as a drift space in the jargon of
charged particle optics. Equations E.3 and E.4 become

X" =0 and y" =0, (E.5)

for a drift space.
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Solving (E.5) for a drift of length L between positions 1 and 2 along the central trajectory results in

the solution
X, = X +Lx; and x, = x| (E.6)
Y, =y, +Ly; and vy, =i, (E.7)
which can be written as
EKZE M L O OOE Exl%
Xa0) EP 1 0 000 g
yv,0= O 0 1 L O0gpQ O (E.8)
deg P 00105 i
®,0 M 0 0 010 MmO

The linear transport matrix R4, for any magnetic optical element can be derived following this same

procedure. An analogous procedure can, of course, be developed for electric field based optical elements. The
standard optical elements used in the study undertaken for Beamline Simulator include: the drift space, the
dipole magnet, the quadrupole magnet, the solenoid magnet, an electrostatic lens (modeled as an idea thin
lens) and the coordinate rotation.

Linear transport matrices are also used to represent non-standard magnetic and/or electric field based
optical elements. The appropriate matrix for a non-standard element is produced by first integrating five
linearly independent paraxial particle coordinate vectors from the input of the element (position 1) through to

the output of the element (position 2) using an orbit tracking code such as CASINO or CYCLONE [15], and

appropriate field maps. The five input particle coordinate vectors (X1, X2;, X3;, X4,, X5,) are assembled into

the columns of a matrix as are the five output beam column vectors (X1,, X2,, X3,, X4,, X5,). One can then
solve for the linear transport matrix representing the device by performing the following matrix operation

[XL,, X2, X3,, X4, X5,] X1, X2, X3;, X4, X5, = Ry,. (E.9)

A linear transport system is usually composed of a number of optical elements. If the input

coordinates of a charged particle are known, then the particle coordinates at the output of an N element system

can be calculated as follows
XN = R(N_l)N (] (T [IR12 D(l. (E.20)
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Space charge forces can be included as an impulse (thin lens) after each application of an R matrix.
The strength of each impulseis calculated with the linear space charge approximation [16], which is a function
of the beam current and cross-section. In the code TRANSPORT, the distance traveled between each impulse
must be optimized for best results. In the code TRANSOPTR [17], linear space charge forces, and all other
first order optical elements can be computed using an infinitesimal transport matrix formalism which elegantly
incorporates the fact that R becomes a function of the beam size when space charge forces are included [18].
E.1.3HIGHER ORDER CHARGED PARTICLE TRANSPORT

In single pass transport systems the effect of non-linearity’s are often quite small. However, in
accelerators and storage rings where particles may be transported through many tens of thousands of identical
focusing elements, the compounding of even relatively small higher order effects can have a dramatic effect on
beam size and stability.

If higher order terms from equations (E.3) and (E.4) are retained in the procedure of section E.1.2.2.,
one can construct matrices which represent transport to a higher order. For example, to second order, as
described by [10] and used in TRANSPORT and TRANSOPTR, one can compute the coordinates of an output
beam vector (position 2) in terms of the original (position 1) using

X(), = R(, 1) X())y + T, J,K)p X(); X(K), (E-11)
whereT is the second order transport matrix. Beamline Simulator, however, does not offer a second order
option.

In recent years, the need for dealing with higher order charged particle optics for repetitive systems
has lead to sophisticated differential algebraic techniques which provide maps from initial beam coordinates
and system parameters to final beam coordinates. These maps can be created to arbitrary order and can
describe standard optical elements, fringe fields and even radiation effects. These techniques are not necessary
for the purpose for which Beamline Simulator is intended, and have only been mentioned for completeness.
The reader can refer to [19] and [20] for an introduction to these techniques.

As alluded to in section E.1.2.2, another common technique for studying nonlinear effects is to

determine a particle’s trajectory by numerically solving the equation of motion for the particle as it passes
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through the appropriate electric and magnetic field maps. The accuracy of such techniques depends on the
integration algorithm, the step size and any approximations that are inherent in the field maps. The codes
CASINO, CYCLONE and ZGOUBI [21] are three such codes.

E.1.4 CHARGED PARTICLE BEAM TRANSPORT

Thus far single-particle transport has been discussed. It is, however, usually much more informative to
consider the transport of a multi-particle beam. In particular, one is often interested in the transverse envelope
of the beam as a function of position along the central ray. One way to simulate charged particle beam
transport is to choose a number of representative particles within the region occupied by the beam in phase
space, and to calculate the trgectories of each of these particles with the matrix formalism introduced
previously. In this manner the size of the beam can be ascertained by considering the particles with the
outermost transverse coordinates at various positions along the central trajectory. This method is particularly
useful when particles removed from the beam by collimation are to be considered, since this can be easily done
by comparing the collimator’s (X, y) boundaries with the coordinates of the particles, and then removing those
particles with excessive (X, y) coordinates from further transport computations.

Liouville’s theorem permits a different approach to simulating charged particle beam optics. One can
bound the beam with an appropriately sized and shaped surface in phase space, and then transport this surface
using the fact that the hypervolume of this closed surface in phase space must remain constant. The standard
surface to use for this purpose is an ellipsoid. An ellipsoid is chosen for two main reasons. The first is that the
transport of an ellipsoid is relatively easy to describe with the transport matrix approach, and the second is that,
although actual beams can have almost any shape in phase space, the ellipsoidal shape corresponds well with
measured beams.

The equation for an dimensional ellipsoid defined by a positive definite symmetric matisxgiven

by [12]
XTo™X =1 (E.12)

The hypervolume enclosed by such an ellipsoid is

/2
V = ﬂq—wldet(o) . (E.13)

r(n/2+1)
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Often, the two and four dimensiona sub-spaces of phase space are of interest. The hypervolume of a four
dimensional (4D) ellipsoid is (T&/2){ det(aus)} 2 and the area of atwo dimensional (2D) ellipse is given by Tt
{det(o.0)} 2

Recall that X; corresponds to a beam vector at position (i) along the central ray. The matrix o;

corresponds to the beam ellipsoid at this position (i), and for the two dimensional case we have

_ x()o _ Dou(i) 0,0
%7 Bead ™™ 9T B o000 (G214
which yields
X7o'X, =1 or g,x*(i)=20,x(i)x'(i)+ g,x?(i)=det(o;). (E.15)

Note that o,(i) is equal to g,4(i). Beam transport from position 1 to position 2 along the central ray is
accomplished within the linear matrix formalism by performing the following matrix operation

0, = R,0,R,. (E.16)

For beam envelope computations in either 2 or 4 dimensional spaces one could invert the o; matrix at

each position (i) and use the analytical formulation of the ellipsoid as indicated in (E.15). However, it can be

shown that the square root of the diagonal components of o; are the projections of the extreme points of the

ellipsoid on the coordinate axes. For example, {0,4(i)} 2 is equal to Xy,q,{i), and {034(1)} 2 is equal to y..()-

Thus, a plot of the x and y envelope of the beam as a function of positions (i) along the central ray can easily

be produced by using the matrix elements of o; at each position (i). As an example, Figure E.2 illustrates a

projection of the four dimensional beam ellipsoid onto the (x, X’) plane.
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Figure E.2: A projection of the beam ellipsoid onto the (x, x) plane. Note the dependence of the (x, x") ellipse’s
size and orientation on the matrix elements.

Recall that Liouville’s theorem requires that the hypervolume of a beam ellipsoid at position 1 must
equal that at position 2. This corresponds to requiring that
det(o,) = det(o,), (E.17)

and this implies that
det(R,,) =1. (E.18)

That the determinant of the transport matrices is equal to one is just a manifestation of Liouville’s theorem.
This result is built into th& matrix as well as the higher order transport matrices as a result of their derivation
from Hamiltonian based systems.
E.1L.5BEAM EMITTANCE

So far we have not addressed how best to specify the size of the ellipsoid representing the beam. The
emittance is a term used to describe the size of the beam in either the (x, X) or (y, y') phase space. It is defined

by the equation [14]

€ =,/det(0), (E.19)

where g, when used to compute emittances, corresponds to the two dimensional sub-space associated with
either (x, x') or (y, y). The emittance of the beam is usually specified for the (x, x') and (y, y') phase space

projections with units of (miad). Using equation (E.13) it is apparent that the area of the beam in the (X, x’)

sub-space is equal t&,,,, and in the (y, y') sub-space it is equam%,y.
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The emittance is a good measure of the size of the beam in the (x, X) and (y, y’) phase spaces, asit is
proportional to the area of the beam in these spaces. The emittance is often thought of as being related to the
quality of the beam. A beam of small emittance corresponds to a high quality beam. This is because the (x, y)
projection of a small emittance beam is easier to maintain with small dimensions than a beam with a large
emittance. Thisin turn means that a high quality beam usually loses fewer particles during transport than a low
quality beam.

Asindicated in [22], the emittance of a finite beam with a uniform charge distribution in phase space
iswell defined. However, as the charge density of most actual beams is usually not uniform, the emittance of
an actual beam must then be related to the fraction of particles included within an idealized beam elipse. A
common way to compute the emittance of the idealized beam ellipse, in a manner which is afair representation
of the real physical beam it corresponds to, is to ensure that the idealized beam and the actual beam have the
same integrated intensity and the same second moments [23]. The second moments of a beam in the (x, x’) sub-

space are

X2, x? and XX (E.20)

and arepresentative calculation for the first termis as follows

J’J’xzp(x,x’)dxdx’

X2 = , (E.21)

J’J’ P(x, X" )dxdx’

where pisthe current density. If one computes these quantities for a real beam, and represents this real beam

using the idealized ellipse of uniform charge density defined by the 4rms emittance [23]

—_ - E
€ame e = AXPX" (XY

(E.23)

then both beams will have the same integrated intensity and the same second moments. Note that €4, @

calculated in (E.23), is accurate regardless of the real beam phase space orientation at the time of measurement.
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Many real beams are quite closely approximated with a gaussian distribution. In the case of areal beam
having a gaussian distribution, €4, defines an idealized ellipse whose boundary contains 86% of the real
beam.

An important point to note concerning emittances is that they vary as a function of the total

momentum (pr;) of the beam. That thisis so can beillustrated by noting that in two dimensions

€ = Xinax Kirg (E.24)

for the X5« and X', defined in Figure E.2, and since X' = Py int/Pror it IS apparent that the emittance of this

beam will decrease as py; increases. So, if beams of different total momentum are being compared, as is done

at different points during acceleration, one normally uses the normalized emittance of the beam. The

normalized emittance of the beam is calculated with the formula

Snxx’ = SXX'Igy = Xmax Ij xint ' (E.25)

mc
where mis the mass of the particle, cisthe speed of light and B and y are the usual relativistic parameters. The
normalized emittance describes the beam size with respect to transverse momentum and transverse dimensions
regardless of the total momentum.
E.1.6 EMITTANCE GROWTH

Recall that a beam with a small emittance is considered to be a high quality beam. This is because a
beam with a small emittance is usually easier to transport than a beam with a large emittance. Therefore, it is
important that every effort is made to create and maintain a beam of small emittance. Unfortunately, there are a
number of ways in which the emittance can grow.

In linear transport systems with midplane symmetry, the (x, X’) and (y, y’) sub-spaces are uncoupled,
and the emittances corresponding to these sub-spaces remain constant. A linear transport system in which
cross-plane coupling exists maintains a constant beam volume in the five dimensional phase space, however,
the projection of the beam phase space ellipsoid onto the (x, X)) and (y, y’) sub-spaces results in two
dimensional ellipses with equal or larger emittances than the projected (x, x’) and (y, y’) beam ellipses at the

beginning of the system.
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Non-linear beam transport systems which satisfy Liouville’s theorem can introduce an effective
emittance growth, although the actual volume of the beam in phase space remains constant. This sort of
emittance growth is illustrated for a two dimensional sub-space in Figure E.3. As can be seen, the ellipse which
effectively represents the beam, as far as the transport system is concerned, occupies a larger portion of the two

dimensional sub-space than the region actually occupied by the beam particles.

Figure E.3:The effective emittance region of an aberrated beam in phase space.

When a beam is injected into an accelerator or a storage ring there are (x, x') and (y, y') machine
ellipses of particular orientations and aspect ratios to which these machines force the beam ellipses to conform
to. If the injected beam ellipses do not have the required (x, x") and (y, y') shapes and orientations at injection,
then new beam ellipses similar to the machine ellipses become filled (refer to Figure E.4), or effectively filled,
if the beam ellipses simply rotate within the machine ellipses. If new ellipses are filled or effectively filled,
emittance growth will have occurred. The process of manipulating the characteristics of a beam so that the

beam ellipses are already similar to the machine ellipses at the injection point is called beam matching.
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Figure E.4: An arbitrary machine ellipse bounding the input beam ellipse. The machine ellipse becomes filled
or effectively filled yielding a new beam ellipse which has experienced emittance growth.

In section E.1.1, it was pointed out that Liouville’s theorem does not apply for space charge forces,
interactions with targets, or, in the case of adyclotron, interactions with extraction foils. Consequently,
emittance growth is associated with these phenomena.

E.1.7 ACCEPTANCE

At the point where the central trajectory of a charged particle beam crosses the entrance of a device in
a transport system, one can define an acceptance region in five dimensional phase space. This region
corresponds to the coordinates of all particles which, if injected at the entrance of the device, would be
transmitted. It is apparent that if the five dimensional hyper-volume of the beam is larger than the acceptance
of a device, particles will be lost. In this case the region of phase space occupied by the beam will shrink.
Typically this is not an acceptable way to create a beam with a small emittance. It is also common to define
two dimensional acceptances in the (x, x') and (y, y") phase spaces with units compatible with the beam
emittances.

If devices with narrow apertures in (X, y) space are present in the transport system, and if the beam
emittance is relatively large, the focusing elements of the system can often be used to cause the beam ellipse to
be oriented so that most of the emittance is distributed along the x' and y' axes at the location of each device

with a narrow aperture. Consequently, the projection of the beam in (x, y) space will be small enough to allow
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a high rate of transmission through each narrow device. Tailoring the beam in this manner is one of the main
goals of beam transport.
E.1.8 Dipole M agnet

The primary use of a dipole or bending magnet is to cause a charged particle beam to be
transported along a curved trajectory. There are many reasons why such a feature is desirable. Five common
reasons for using a dipole magnet are to enable the transport system to avoid physical obstacles, to maintain
particles on a circular or racetrack orbit, to permit momentum selection, to select different beamlines for
transport, and for steering. Dipole magnets can have first order focusing effects and higher order effects, as
well. Dipole magnets are somewhat restrictive in their focusing capabilities because the magnitude of the
magnetic field is usualy fixed for achieving a particular bending requirement, and therefore the focusing
effects can not be easily adjusted.

The field of a dipole magnet is as illustrated in Figure E.5 (a). Note that the typical dipole
field bows outward as shown, and that for the purposes of bending calculations an effective length is
established over which the pesk pole tip field effectively acts. Thisis best described by the following integral

I Bdl =B,L, (E.26)

where B is the magnitude of the magnetic field that the central ray experiences along its trajectory, dl is the

differential path length, By is the peak pole tip magnetic field and L is the effective length of the magnet. The
field By needed for a particular beam steering requirement can be calculated by using
Bp(kGlhm) = 33.356p/q (MeV/c), (E.27)
and p = L/6. Note that p is the radius of curvature of the charged particle in the dipole field, p is the
momentum, 6 is the azimuthal angle traversed by the particle’s trajectory in the dipole field, and q is the charge

(refer to Figure E.5 (b)). The momentum of the charged particle is calculated with the following formula

M
=T,[1+2—. E.28
p T (E.28)

The units of p are in (MeV/c), if the rest mass M and the kinetic energy T of the particle are both given in

(MeV).
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Figure E.5: (a) Sde view of a dipole magnet (b) Plan view of a dipole magnet.
The first order focusing effects of a dipole magnet can be described in terms of the field
index which is defined as the negative of the fractional change in field associated with a fractional change in

radius [1], and is given by

q=_dB/B (E.29)

dol/p’
This quantity is used to describe the magnetic field at a given radius within the dipole magnet. The focusing

induced beam oscillations related to the field index are known as betatron oscillations. Vertical or axial

oscillations are described in terms of the axial tune Vy which is the number of axial oscillations per revolution

of the central ray around the dipole (6 = 2m). The axial tune is calculated using
v, =/n. (E.30)

Similarly, the radial tune v, describes the number of radial oscillations per revolution around

the dipole, and is given by
vV, =+v1-n. (E.31)

15/10/98 V1.3



130 Using Beamline SimulatorQ

In terms of these tunes then, the first order transport matrix for a dipole magnet in which the

central ray enters and exits normal to the pole facesis given by

O  cos(vyb) (plvy)sin(vy0) 00 00 (o/ sz)(l_ COS(VXH))E
T (vy I p)sin(v,6) cos(vy0) 00 00 sin(v, 8) 1 v, 0
g 00 00 cog(vy6) (p!vy)sin(v,6) 00 B (E.32)
0 00 0.0 —(vy ! p)sin(vy6) cos(vy6) 00 0
H oo 00 00 00 10 H

Note that further first order focusing and defocusing effects can be introduced if the central ray does not enter
or exit the dipole magnet normal to the pole faces. Refer to [2, 6, 14] for further reading on dipole optics.
E.1.9 Quadrupole M agnet

A quadrupole magnet is used for focusing a charged particle beam. However, unlike a lens
used in the optics of light, a quadrupole magnet focuses in one plane while defocusing in the other plane.
Fortunately, quadrupole magnets can be used in combination to produce an overall focusing effect in both
planes. One such combination is the quadrupole doublet. A quadrupole doublet is a grouping of two
quadrupoles in which, for example, one focuses in the horizontal plane and the other focuses in the vertical
plane. Figure E.6 illustrates the quadrupole magnet structure and the field lines used in vertically focusing a
positively charged particle. In addition, the forces exerted on a positively charged particle moving into the
magnet are shown.

The magnetic field for a quadrupole magnet is given by [5, 14]

BX =y, (E.33)
B = ox, (E34)
B, =0. (E.35)

The field gradient g is equal to (By/a) where B is the pole tip magnetic field strength and a is the aperture

radius of the magnet. The first order transport matrix for a vertically focusing quadrupole magnet is given by
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Heosh(k) k~sinh(kL) 0 o of

Cksinh(kL)  cosh(kL) 0 o 09

g oo 0 cos(kl)  ktsin(kL) 5 (E.36)
0 0 —-ksin(kL)  cos(kL) O

@ 0 0 0 0o 1

where k2 is equal to g/(p/g) and L is the effective length of the quadrupole magnet.
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Figure E.6: The field lines for a quadrupole magnet which vertically focuses positively charged particles. The
forces experienced by positively charged particles along each axis are also shown.

E.1.10 Solenoid M agnet

The magnetic field lines for a solenoid magnet are shown in Figure E.7. There are three
optically important regions in a solenoid magnet. At the entrance and exit regions the magnetic field has a
radial and an axial component, except on the magnet axis, whereas in the central region of the solenoid the
field is strictly axial. The overall effect of the solenoid is to provide focusing, however, it also causes charged
particles to rotate about the axial axis as they are transported through the magnet. This is useful if one wants to

couple the (x, X) phase space of the beam to the (y, y') phase space.
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Figure E.7: The magnetic field lines of a solenoid magnet.

The overall first order transport matrix for a solenoid magnet is[2, 14]

0 (612 K Llsn(6/2)cos(8/2)  sin(@/2)cos(8/2) K tsn?@12) o

DK sin(8/ 2) cos(6/ 2) 0 (612) ~Ksin2(6/2) sin(@/2)cos(8/2) od

O ) -1

O-sin(@/2)cos(8/2) -K *sin“(8/2) c032(9/2) K ~sin(@/2)cos(6/2) OD-(E-37)
0 ken2(6/2) ~sin(@/2)cos(8/2) -Ksin(8/2)cos(8/2) c02(012) 00

i 0 0 0 0 1

The angle 8 is equal to ByL/(p/g) with By being the peak axial field, and the factor K is equal to 6/2L.

E.1.11 Circular Aperture Electrostatic Lens
The ion source extraction electrodes accelerate and focus the beam. These electrodes are
circular aperture electrostatic lenses. Figure E.8 shows a sketch of such alens. The focal length for thislensis
given by [24]
4V

f=vw-—. E.38
E,—E, (E.38)

The electrostatic potential of the lens plate is V, the magnitude of the upstream electric field is E; and the

downstream electric field magnitude is E,.
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Figure E.8: An electrostatic lenswith a circular aperture [24].

Thefirst order transport matrix for an electrostatic lens with a circular apertureis

g1 0 0o o0og
ol/f 1 0 0 O
Oo o 1 o003 (E-39)
do o0 -1/f 1 00
0 0
00 0 0 010

E.12 Rotation M atrix

Standard optical components are sometimes rotated with respect to the lab horizontal and
vertical axes. In order to avoid introducing complicated transport matrices for rotated components, optics codes
usually rotate the particle coordinate vector or the beam sigma matrix while leaving the component’s transport
matrix in the usual unrotated form. Thus, the action of the rotated optical component is properly represented by
the multiplication of three transport matrices. The first matrix represents a rotation of the curvilinear coordinate
system by an angle the second matrix is just the usual unrotated transport matrix of the optical component,
and the third matrix represents a rotation of the curvilinear coordinate system by anr-@mngléring the
system back to the lab coordinates.

The rotation matrix used in this multiplication process is given by
Ecose 0 -sinb 0 0%
0O «cosB 0 -sinB O

Elsine 0 cosf 0 ot (E.40)
0 snB O cosb Og
oo 0 0 0 10O
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Glossary

Aperture: has two different uses in this document. Usually it refers to the
aperture size of the physical beam pipe or diagnostic collimators, but when talking
about bore diameters it refers to the aperture size of the quadrupole magnet.

Beam adjustments: phase space adjustments made to the simulated source or
input beam through drifting and focusing in the (X, X') and/or (Y, Y') phase
planes. The beam adjustments cause the beam ellipses to tilt which may or may
not improve the accuracy of the beam model depending on whether your actual
ellipses are upright or not.

Beam half-size: values determine the outer extents or maximum dimension of
the beam and are used to calculate the beam matrices. The beam half-sizes are one
half the width of the full width of the beam. The phase space ellipses of the beam

are assumed to be upright unless beam adjustments are made.

X: 1s the hotizontal half-width of the beam in millimeters.

X" is the horizontal half-divergence of the beam in radians

0 xx" 1s the tilt angle of the horizontal phase ellipse in degrees
Y: 1s the vertical half-width of the beam in millimeters.

Y" is the vertical half-divergence of the beam in radians.

0 yy" 1s the tilt angle of the vertical phase ellipse in degrees

A, delta: is the momentum spread of the beam in percent.

Beam transport system (actual): includes all the ion-optical elements, the
beam pipe, the collimators and vacuum boxes.

Beam transport system (simulated): includes the Ion-Optical Elements, the
Constraint icon, and the diagnostic tools such as the Apertures (or beam pipe,
collimators and vacuum boxes), the Cross-Section Plot icon, the Get System
Metrics icon, and the End Run icon.

Bore diameter: is the aperture size of the quadrupole magnet 1n millimeters.

Constraint icon: is used to define beam size or cumulative transport matrix
requirements anywhere along the beamline.
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Dipole magnet: is normally used to cause a charged particle beam to be
transported along a curved trajectory. Four common uses for a dipole magnet are:
- to enable the transport system to avoid physical obstacles

+ to maintain particles on a closed or spiral orbit

+  to permit momentum selection and

. to select different beamlines for transport

«  to correct misaligned beams by steering them

Drift length: or drift space represents any region in a beam transport system
where no magnetic or electric fields are present. For example, the spaces between
magnets are usually drift spaces.

Envelope beam type: a simulated beam that 1s represented in the graphics plots
by lines that define the outer extents of the beam.

Get System Metrics icon: a diagnostic icon that can be mnserted in the beamline
at positions of your choice along the Z axis. The only condition 1s that they be
placed after the Beam Source icon. When you place a Get System Metrics icon
you are asking for measurement information about the beam half-sizes, the
cumulative beam sigma matrix, the cumulative transport matrix and the particle
vector co-ordinates. This data 1s generated at the Z co-ordinate of the Get System
Metrics icon.

Multi-particle beam type: a simulated beam that contains from 1 to 10,000
particles.

Non-Standard element icon: is typically an optical component whose transport
matrix must be numerically determined by specialized programs. For example, the
fringe field of a cyclotron may be included as a non-standard element. This
element will only be used by experts.

Perturbation icon: allows you to represent a beam with a central trajectory that
is off-centered by X mm horizontally and/or Y mm vertically, and/ot to
represent a beam whose central trajectory is diverging (mis-steered) by an angle in
the hotizontal plane of X' radians and/ot in the vertical plane of Y' radians.

Pole tip field strength: for quadrupole and dipole magnets, measured in

kilo Gauss or amps, is the magnetic field strength measured at the magnet’s pole
tip. Magnetic field strengths are usually measured 1n kilo Gauss, however, many
users may be more comfortable adjusting the power supply current setting (in
amps) which 1s directly related to the pole tip field strength.
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Quadrupole magnet: is used for focusing a charged particle beam. Unlike a lens
used 1n the optics of light, a quadrupole magnet focuses in one plane while
defocusing in the perpendicular plane. For example, a ‘horizontal’ quadrupole
magnet focuses in the horizontal plane but defocuses in the vertical plane.

Solenoid: a magnet that focuses in both planes at the same time and also causes
the beam to rotate about the 7 axis.

Thin Lens: represents an ideal lens. This element adjusts the beam focus
mnstantly and can be used as a correction within the system, or to mimic lenses

that are not part of this software, e.g., electrostatic lenses.

Uniform distribution: within the bounds of the beam (or within the maximum
half-sizes) the density of the particles that make up the beam 1s constant.

Z coordinate: alocation along the Z axis or the central transport axis of the
beamline.
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